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PREFACE 

This book comprises a course of lectures and laboratory work 
given to graduate and advanced medical students in the Uni- 
versity of Minnesota. The need for special teaching in the ap- 
plication of the simpler aspects of physical chemistry to biology 
was first realized by the author while attempting to teach physics 
and physiology to the same group of college students in 1906. 
A collection of abstracts of papers on the subject was commenced 
but interrupted by various affairs, especially the change to med- 
ical teaching. It became evident, however, that even medical 
students with a crowded curriculum would do well to devote any 
available time to this subject if they expect to do any research 
or read current medical literature. 

The purpose of the book is not to go far into physical chem- 
istry but to develop a tool for physiological research. Lengthy 
discussions of debated questions are avoided by tentatively ac- 
cepting the hypothesis which fits the most facts, until a better one 
appears. For further discussion of any subject the reader is 
referred to the literature list and index. For facts, however, 
he is referred to nature. It is not to be hoped that theories 
should coincide exactly with data available at present. Even in 
the most exact branches of chemistry the atomic weight deter- 
minations, for instance, do not exactly coincide with the values 
calculated from the atomic numbers, and there seems to be some 
doubt as to whether lead is one element or several. How much 
more uncertainty there should be about physiology, where de- 
terminations are vitiated by the great variability of the material 
and its physiological states. 

The literature list was compiled from abstracts made in various 
libraries during the last ten years in addition to published ab- 
stracts and summaries. In some cases only part of a paper or 
the summary was read. Following the date is the gist of some 
data to which it is desired to call attention, or some conclusion 
which the data apparently justify but which may not be ac- 
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cepted by the author of the original paper. The index was made 
on the basis of these brief notes and hence cannot be relied on 
to indicate all the papers on a subject that appear in the literature 
list. The appendix is for the convenience of a limited class of 
readers. 

The author expresses his sincere thanks to Professors F. E. 
Bartell, E. G. Conklin, I. H. Derby, G. A. Hulett, A. F. Kovarik, 
E. P. Lyon and others for examining the copy or parts of it and 
offering suggestions, and to Margaret S. McClendon for assist- 
ance in its revision. 

J. F. McClendon. 
Minneapolis, October I, 1916. 
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CHAPTER I 

INTRODUCTION 

The chemist who turns his attention to biological problems 
meets at the start a seemingly insurmountable barrier. All living 
matter being composed of ceils, and the surface of the cell in 
such an unstable condition that it is changed by very mild physical 
or chemical treatment, the rough treatment necessary for chem- 
ical analysis is out of the question. This surface layer of the 
protoplasm has been called by physiologists the plasma mem- 
brane. If this plasma membrane is destroyed the entire proto- 
plasm undergoes rapid changes (cytolysis). The protoplasm, 
therefore, is excluded from the ordinary chemical methods of 
investigation, the methods that may be applied to tiie interior 
of living cells being at present very few, and concerned chiefly 
with the inorganic constituents. 

Modern biochemistry is therefore not yet concerned directly 
with the composition of normal living cells, but with their de- 
composition products and the exchange between the cell and its 
surroundings. While the entire cell is treated as a unit and 
sometimes called protoplasm or the living substance, we have 
many reasons to believe that it is composed of a large number 
of different chemical substances, some distributed throughout the 
cell and others confined to certain regions, some in solution and 
others in the form of jellies (gels) or solids. The living cell 
shows a visible structure under the microscope, and chemical 
differences between parts of the structure may be detected after 
death of the cell. 

From our knowledge of the decomposition products of cells 
and the exchange with the medium, we may speculate on the 
composition of the cell and the changes that go on in it during 
functional activity. But before doing this the most exact quanti- 
tative data on the exchange with the environment are desirable. 
It is the purpose of this introduction to show that these data 



2 PHYSICAL CHEMISTRY 

cannot be obtained or interpreted without the aid of the methods 
of physical chemistry. Quantitative chemistry is based on the 
molecular and atomic theories, and since molecules and atoms 
obey physical laws, physical chemistry is necessary in order to 
understand the reactions that take place between them. Though 
the problems considered in this book are physiological, the 
methods of attack are chiefly those of the physical chemist. 

As an illustration of the usefulness of physical chemistry we 
may consider the grouping of the elements into the periodic sys- 
tem. Fig. i shows the elements grouped according to their 
physical characters. It may be seen that Li, Na, K, Rb and Cs 
have corresponding positions in the curves. They also have sim- 
ilar effects physiologically. Ca, Sr and Ba form another series, 
whereas Mg stands somewhat apart physiologically as well as 
physically, and the same is probably true of Be (near B). F, Q, 
Br and I form another series (F, CI and Br are indicated by 
spaces homologous with I). 

It is sometimes supposed that very exact data are not necessary 
in biochemistry owing to the errors in taking samples and the 
individual variation of the organisms. We might be interested, 
for instance, in determining whether dextrose were burned in 
an animal, but consider the exact rate of oxidation to be of sec- 
ondary importance. In reality, all qualitative distinctions are 
based on quantitative differences. When we say that coal does 
not burn in air at room temperature we mean that the combustion 
is very slow. Furthermore, the rate of a chemical reaction may 
determine the possibility of finally detecting the end products. 

All chemical reactions are theoretically reversible. That is to 
say, not only does the observed reaction take place, but the op- 
posite reaction is taking place at the same time at a slower rate. 
The most rapid reactions occur between electrically charged 
atoms or complexes called ions. Positive ions, called cations, 
are attracted to and combine with negatively charged ions, anions. 
If we mix an acid (containing H ions) with a base (containing 
OH ions) the H" and OH' combine to form H 2 0. But the re- 
verse reaction also takes place. Water dissociates into H and 
OH ions, but their number is so small that in all ordinary chem- 
ical work they are never detected. The reason for this lies in 
the difference in speed of the two reactions. The combination 
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takes place with enormous rapidity and with the evolution of 
heat, whereas the dissociation takes place slowly. As soon as 
a molecule of water dissociates, its ions recombine to form 
water. This combination takes place whenever a hydrogen ion 
meets a hydroxyl ion. Hence, the speed of this reaction obeys 
physical laws. 

Since ions of opposite charge combine when they meet, the 
speed of the reaction depends on the rapidity of movement of 
the ions and their number in unit volume, or concentration. 
Since the ionic speed of the same ion at constant temperature 
and viscosity of the solution is constant, the rate of reaction 
depends on the concentration. This is called the law of mass 
action. The behavior of the ions may be compared to men and 
women in a cotillion. Each man has a chance of meeting each 
woman. Similarly, each cation has a chance of meeting each 
anion, and the number of chances of a cation meeting an anion 
is the number of cations multiplied by the number of anions, in 
unit volume. 

Since the concentration of the reacting substances changes 
during the reaction, the rate of reaction changes, and is usually 
negatively accelerated. The mathematical process by which the 
rate at any particular moment is determined is called differentia- 
tion (differential calculus). The rate is determined by the 
amount of substance transformed, divided by the time. If the 
rate were uniform- we could find it by dividing the difference 
in the amount of substance at the beginning and end of an ob- 
servation period, by the difference in time at the beginning and 
end of the period. But in an accelerated reaction the rate is 
changing from moment to moment, and the rate at any particular 

dx 
time is expressed by the differential, — . Since the rate cannot 

dt 

be measured in a moment, it is necessary to use the differential 
calculus in order to estimate it. For our purposes, however, it 
is not necessary to go through all of the mathematical reasoning, 
but merely to use the formula supplied by the mathematician, 
which varies according to the conditions of the reaction. 
/ In actual practice, ionic reactions are usually too rapid to be 
measured. Even the point of equilibrium may sometimes be so 
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near one end as to be ascertained with difficulty. The above 
reactions were given as an example because their nature seems 
to be better understood. The reactions whose rate can be easily 
measured are usually splittings and combinations of molecules. 
Many of these have been found to obey the laws of mass ac- 
tion. A monomolecular reaction in unit volume is expressed: 

dx 

— = c(a — x), where a is the original amount of substance, x is 

dt 

the amount transformed in the time t, and c is the constant of 
the reaction that it is desired to find. From the calculus we 

1 1 

obtain: c = — log e . In this equation k>g e signifies the 

t a — x 

natural logarithm (to the base e = 2.71828), but this may be 

reduced to the common logarithm (to the base 10), abbreviated, 

logio or log. Since log 10 = log e X 4343, the above formula be- 

1 1 

comes : c = — .4343 fog 10 . When several kinds of mole- 

t a — x 

cules are concerned the formulae become much more complicated, 
but in biochemistry we are less often concerned with the rate 
of reaction than with the point of equilibrium of a reversible 
reaction. 

This equilibrium point in a reversible reaction is illustrated 
in the case of H 2 0. The H 2 dissociates into H ? and OH' 
and these recombine to form H 2 0. This is in one direction a 
bimolecular (bi-ionic) reaction, and in the reverse direction a 
monomolecular reaction. But this latter, the dissociation of 
H 2 0, may be disregarded mathematically because the concentra- 
tion of theS H 2 (at constant temperature) does not measurably 
change. At the equilibrium point [PTJXfOH'] = a constant, 
where [] denotes the concentration of what follows. At 22°, 
[H*]X[OH'] = io~ 14 and therefore if we increase the concen- 
tration of H' by adding acid the concentration of OH' is de- 
creased, and vice versa. In pure water [H # ] or [OH'] = io~ 7 
at 22 and any variation from this is acid or alkaline. We may 
measure acidity or alkalinity either by estimating the concentra- 
tion of the H" Qr OH', but the hydrogen ions are the ones usually 
estimated, as will be described in a succeeding chapter. 

In any neutral dilute aqueous solution the concentration of the 
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hydrogen and hydroxyl ions is nearly the same asln pure water. 
A nearly neutral reaction is very necessary to the life of proto- 
plasm. The fluids that bathe the majority of body cells, and the 
waters in which aquatic organisms live are very nearly neutral 
in reaction, and are maintained in this condition by the presence 
of carbonates and phosphates (buffers), as will be described later. 

The decomposition products of cells are proteins, carbohydrates, 
fats and fatlike bodies and neutral salts, as well as other sub- 
stances that occur in small amount or which may arise from the 
decomposition of the above. The proteins are composed of 
amino acids. Amino acids have the general formula NH 2 . . . . 
COOH, in which the COOH group has acid and the NH 2 group 
(after hydration) has alkaline properties, so that the amino acid 
may be nearly neutral. The proteins are formed by the union 
of the COOH group of one amino acid with the NH 2 group of 
another with the elimination of one molecule of water. The 
number of amino acid molecules in one molecule of protein is 
very large and hence the molecular weight of proteins is enor- 
mous and is not very definitely settled in many cases. Before 
the proteins of the food are taken into the cells they are broken 
down into amino acids. Each cell builds up its characteristic 
proteins, irrespective of the proteins given as food. 

The carbohydrates are aldehydes or ketones of polyhydric 
alcohols. Because of their aldehyde character, they are more 
easily burned in the body, and furnish most of the energy for 
muscular work. Some of them undergo a molecular rearrange- 
ment, giving rise to the lactone form without free aldehyde or 
ketone groups, but these lactone forms are changed back to the 
original type in digestion or metabolism. The carbohydrates are 
stored in insoluble form, and transported in soluble form (sugar). 

The fats are esters (salts) of glycerine or other polyhydric 
alcohols, and fatty acids. The fats in adipose tissue are saturated 
and are insoluble in water. The fats of other cells are to a large 
extent unsaturated, and many of them contain a choline and 
phosphoric acid radical, which makes them capable of forming 
a colloidal solution with water. These phosphorized fats aire 
perhaps more correctly called phospholipids, but together with 
cholesterine (a polyhydric alcohol) they have been called lipoids 
by many physiologists, 
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The burning of 1 g monosaccharide yields 3.74 large calories, 
disaccharide 3.95, animal or vegetable fat 9.5, animal protein 
5.7. All of this heat is produced by their burning in the body, 
except in case of protein, which produces only 4.5 calories as it is 
not completely burned, being eliminated as urea and uric acid 
and ammonia, etc. 

The mineral constituents are apparently for the most part dis- 
solved in the water contained in the cell and will be considered 
later in regard to their effect on the solubilities (aggregation 
states) of the proteins and phospholipids. 

Among those constituents occurring only in traces the most 
important are the enzymes, thermolabile substances of unknown 
composition which accelerate certain chemical reactions. Some 
of the enzymes are poured out of the cells (as pepsin, for in- 
stance) so that they may be easily obtained, but many enzymes 
that are supposed to exist in all cells have been looked for in 
vain. Such are the enzymes that are supposed to accelerate the 
oxidation of the foodstuffs. It now appears that such oxidations 
are inseparably connected with the ceil structure or to some sub- 
stance that is destroyed when the cell structure is destroyed. The 
enzymes are greatly influenced in their activity by the hydrogen 
ion concentration. They may be rendered inactive by adsorption, 
or by anesthetics and they are influenced to some extent by neu- 
tral salts. 

Most of the constituents of cells are called colloids on account 
of their physical properties. Colloids are divided into two 
classes, suspensoids and emulsoids. Suspensoids are merely 
solid particles electrically charged and suspended in water, only 
distinguished from suspensions by the small size of the particles, 
which cannot usually be seen with the ordinary microscope but 
only with the ultramicroscope with a powerful dark ground 
illumination. The suspensoids are precipitated by small quantities 
of neutral salts or other electrolytes (substances which dissociate 
into ions), because ions of opposite charge to the particles collide 
with them and neutralize their charge, the particles gravitating, 
no longer having the electric charges to hold them up. 

Emulsoids are very different in some ways. The colloidal par- 
ticles partly dissolve. The remainder absorbs water and swells, 
becoming viscid and the result is an ultramicroscopic emulsion 
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of this viscous fluid. When two substances or fluids do not mix 
homogeneously they are called phases. In the suspensoid solu- 
tion one phase is the solid: particles and the other the water. 
In the emulsoid solution both phases contain water and colloid, 
but one is very rich in water and the other is relatively poor in 
water. Emulsoids may be precipitated with large quantities of 
salts in the same way that alcohol may be saked out of water, 
but they are not affected by the small amount of salt necessary 
to precipitate suspensoids. The particles of typical emulsoids 
cannot always be seen with the ultramicroscope, but the particles 
of lecithin, a phospholipid, for instance, are usually distinct. 
Many protein solutions which are typical emulsoids are trans- 
formed into suspensoids by boiling. This change, which is called 
denaturation, is caused by many substances, which are therefore 
used in tests for proteins. Emulsoids increase the viscosity and 
decrease the stirface tension of water, whereas suspensoids do 
not. Since all substances that reduce surface tension become 
more concentrated in the surface film, the same is true of the 
emulsoids. The emulsoid in the surface film gradually changes 
into an elastic membrane, a so-called haptogen membrane. 

Colloids have the peculiar property of forming jellies, called 
gels to distinguish them from their solutions called sols. The 
gel formed by a suspensoid consists of a spongelike structure 
formed of rows of colloidal particles. No structure can be seen 
in the gels of some emulsoids, but there is evidence for such la 
structure in their elasticity. An emulsoid increases the viscosity 
of water. The greater the concentration of the emulsoid the 
greater the viscosity, until very concentrated solutions have the 
viscosity of jelly, and are therefore gels. The viscosity of 
emulsoid sols and gels is not entirely dependent on concentration 
but is influenced by temperature and the presence of dissolved 
substances. 

Whereas we may learn a great deal about the exchange be- 
tween the cells and the exterior by studying the intake and out- 
put of the lungs, the products of digestion that are absorbed by 
the alimentary canal and the output of the kidneys, many cells 
are so far removed from these organs that much is left to be 
learned about their exchange. These cells are bathed by tissue 
juice, which is probably somewhat similar to the blood plasma. 
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ms In fact, the blood plasma itself comes in contact with some of 

oto- the cells. 

iter. The blood plasma contains amino acids, sugar and fats for the 

»4 nourishment of the cells. The neutral salts in the plasma main- 

tain the proper viscosity of the ennulsoids, especially those of the 
plasma membranes of the cells. The carbonates, phosphates and 
to a small extent the proteins maintain the nearly neutral reaction 
of die plasma. The chief function of the serum albumin and 
globulin is not known; these proteins increase the viscosity of 
the blood and throw more woric on the heart in maintaining the 
circulation. They are probably not absorbed by the cells because 
they appear to be different from the cell proteins. They prob- 
ably exert a protective action on the plasma membranes of the 
cells and increase the solubility of certain substances, such as 
uric acid, by holding them in colloidal solution. Many inter- 
mediate products of metabolism and waste products are carried 
from certain cells to certain others by the blood. The presence 
of hormones in the blood, which stimulate certain organs to activ- 
ity, seems to be established, but the chemistry of these substances, 
with the exception of adrenalin, is unknown. The plasma also 
contains the substances that form the fibrin of blood clots, and 
many enzymes whose function is not very clear. 

The exchange between the cells and the fluid bathing them 
is caused by diffusion of dissolved substances, but if this were 
unlimited the dissolved substances of all of the cells would be 
the same, which is not the case. Diffusion is fairly rapid through 
water but decreases as the viscosity increases. The increase of 
viscosity due to emulsoids does not appear to explain entirely 
the limitation of the diffusion of some substances, and the prob- 
lem has never quite been solved, though many models showing 
how it might occur have been borrowed from pure chemistry. 
Traube's membranes form one series of models. If a solution 
of potassium ferrocyanide is brought in contact with a solution 
of a copper salt, a film of copper ferrocyanide is formed at the 
plane of contact of the two liquids. This film is easily permeable 
to water but impermeable to potassium ferrocyanide, copper salts 
and many other substances, such as sugar. The permeability 
of this membrane may be increased by treating it with certain 
solutions without destroying its mechanical continuity. During 
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this process the membrane seems to change from a colloid struc- 
ture to a mass of microscopic crystals. 

We do not know the nature of the plasma membrane, but the 
normal cell is impermeable, or very poorly permeable, to certain 
salts and some other substances. Some fish eggs are impermeable 
to salts and to water. The permeability of cells is increased on 
stimulation, and goes back to normal during rest. All cells are 
permeable to a host of substances that reduce the surface tension 
of water to a marked degree, and to many substances that dis- 
solve in certain non-aqueous media, although some substances 
that do not reduce the surface tension of water or dissolve in 
these media penetrate cells. 

If any solution is separated from pure water or a less concen- 
trated solution by a membrane to which the dissolved substance 
(solute) is impermeable, the solute exerts pressure on the mem- 
brane, and the water passes through the membrane into the solu- 
tion. This pressure is called osmotic pressure, and depends not 
on the percentage of solute, but on the number of molecules and 
ions per unit volume. The standard concentration is the molecular 
weight of a substance in grams dissolved in a liter of water. This 
exerts an osmotic pressure of 22.4 atmospheres and is called a 
mol. If the molecules partly dissociate into ions the osmotic 
pressure is increased. The osmotic pressure is difficult to meas- 
ure directly because it is difficult to obtain membranes that can 
stand the pressure. Since it has been found that the osmotic 
pressure is proportional to the lowering of the freezing point of 
pure water due to adding the dissolved substance, the freezing 
point is usually determined and the osmotic pressure calculated. 
When the osmotic pressure is greater on the inside than on the 
outside of a cell, the cell expands unless the cell wall is strong 
enough to stand the full pressure without stretching. In green 
plants the osmotic pressure is greater on the inside than in the 
water bathing the roots, because the dissolved substances are 
mostly manufactured on the inside. Plants use osmotic pressure 
as the force for growth, and can force asunder great rocks when 
they grow in a crack between them. The osmotic pressure of 
the blood of mammals is almost as constant as the body tempera- 
ture, 'but we do not thoroughly understand its role in physiology. 
When an organ works, large molecules are broken down into 
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small ones, the number of molecules and the osmotic pressure are 
increased and water is drawn out of the blood. But when the 
organ rests, or grows, and large molecules are formed of small 
ones, the reverse process does not occur. At least the water does 
not flow in the opposite direction. The water that was drawn 
out of the blood in the first instance finally passes into the lymph 
vessels and then back into the blood, causing an increased flow 
of lymph, but the lymph flow never changes in direction. 

The restricted permeability (called semipermeability) of the 
plasma membrane of muscle and nerve cells gives the clue for 
understanding the electric phenomena of these tissues. The rest- 
ing plasma membrane seems to be permeable to some cations but 
impermeable to all anions. The cations of some substances that 
are more concentrated within the cell than outside diffuse through 
the plasma membrane, but they cannot go far, being held back 
by the attraction of the opposite electric charge of the anions. 
These cations on the outer surface of the plasma membrane give 
the whole cell surface a positive charge. If the plasma membrane 
is stimulated at one point, this altered region becomes permeable 
to anions and therefore negative in comparison with the unaltered 
portion. If the altered and unaltered portions are connected by 
means of a wire, a current flows through the wire from the un- 
altered to the altered region. This electric current is called the 
action current or the current of injury, according to whether 
it is caused by stimulation or injury of the plasma membrane. 
Such bioelectric currents are very strong in the electric organs 
of certain fish, are also noticeable in the sensitive plants and in 
glands, and perhaps occur generally. 

Since the body is made up of numerous cells and each cell is 
composed of several phases, the surface phenomena are very 
important. While the interiors of solutions are homogeneous, 
the surface film has peculiar properties, due to the strained rela- 
tions of the molecules. Dissolved substances (solutes) that re- 
duce the surface tension of the solvent tend to become more 
concentrated in the surface film, whereas solutes that increase 
the surface tension are less concentrated in the surface film. If 
a solute that decreases the surface tension of one phase, becom- 
ing more concentrated in its surface film, is soluble in the second 
phase, it diffuses into the second phase (is absorbed by it) ; but 
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if it is insoluble in the second phase it remains concentrated in 
the phase •boundanr, and is said to be adsorbed by the second 
phase. 

Electric polarization, such as was described above in regard 
to nerve and muscle, decreases the surface tension. Hence 
stimulation is followed by local increase in surface tension. 
Surface tension changes cause ameboid movements and cell 
division. Some suppose that muscular contraction is due to 
surface tension changes, but if this is the case the surfaces con- 
cerned must be those of colloidal particles or internal structures, 
as the surface of the muscle fiber is not large enough to account 
for the force of contraction. 

We thus see that a knowledge of what is ordinarily called 
chemistry is not sufficient for the biochemist dealing with med- 
ical or biological problems. Beside the reactions between pro- 
teins, carbohydrates, fats, and many organic and inorganic 
compounds as usually considered by the biochemist, we are 
concerned with such physico-chemical processes as the rate of 
reaction and the position of equilibrium as expressed in the law 
of mass action, with the effect of ions, especially H* and OH', 
osmotic pressure, phase boundaries and the surface tension, dif- 
fusion, adsorption and electrical polarization phenomena that 
occur at the phase boundaries, with colloids and their aggrega- 
tion states, whether gels or sols, with the effect of salts on these 
colloids, and especially on the plasma membrane which is ap- 
parently a colloidal structure, with the enzymes and their colloidal 
state and dissociation, and finally with certain reactions that are 
apparently accelerated by cell structure, presumably through the 
intermediation of adsorption phenomena. 

Definitions of Physical Properties of Aqueous Solutions 

There is a group of properties of water which are affected pro- 
portionately by the introduction of a solute. These are called 
by Washburn,. 191 5, the colligative properties of the solution. 
If the solution is sufficiently dilute, the effect of the solute on 
its colligative properties is independent of the chemical nature 
of the solute, and determined solely by the number of dissolved 
particles (molecules + ions). The colligative properties are: 

1 — Vapor Pressure. If water is introduced into a vacuum 



-^ 



OF VITAL PHENOMENA 13 

it will evaporate until the pressure of the vapor reaches a certain 
value, dependent on the temperature. The vapor pressure of 
pure water at 20 is 17.4 mm, at 25 23.5 mm, at 30 31.6 mm, 
and at 37 46.7 mm. The lowering of the vapor pressure by 
1 mol solute at body temperature is only about .5 mm and is less 
at room temperature since it is a relative lowering and the vapor 
pressure of pure water is less at lower temperature. 

2 — Boiling Point. The boiling point of water is raised .54° 
by 1 mol solute. (Vol. = 1 liter where not stated.) 

3 — Freezing Point. The freezing point is lowered 1.85 by 
1 mol solute. 

4 — Osmotic Pressure. If a mol solution is enclosed in a 
vessel whose walls are impermeable to the solute and permeable 
to the water, and immersed in pure water, water will pass into 
the vessel, causing a pressure, osmotic pressure, of 22.4 atmos- 
pheres. 

With these colligative properties might be classed electrode 
potentials, since they depend on osmotic pressure. The concen- 
tration of a solute calculated from its effect on all colligative 
properties is the same, but may differ from its concentration cal- 
culated from other data, so the word activity is sometimes used 
to denote concentration calculated from colligative data. 

The density erf the solution is affected by the concentration of 
the solute, but the degree of change differs with different solutes. 
Hence, this property of a mixed solution cannot be interpreted un- 
less the proportion of the different solutes remains approximately 
the same (as in sea water, for instance) . Density is determined by 
weighing a certain volume of the solution measured in a pyenome- 
ter and dividing its weight by the weight of an equal volume of 
water. The rule has been to have the water at 4 and the solu- 
tion at 15 , but in many determinations the water is taken at the 
same temperature as the solution, and 25 ° is rapidly becoming the 
standard temperature for all sorts of measurements. 

The refractive index is also used to determine concentration. 
With the Abbe direct reading refractometer only a drop of the 
solution is necessary, and hence this instrument is used in protein 
analysis when the protein is pure or the accompanying solutes 
are known. The Zeiss interferometer gives a more accurate 



/ 



14 PHYSICAL CHEMISTRY 

reading but requires a larger sample. One per cent of protein 
raises the refractive index .001 per cent. 

The viscosity of the solution is affected very little by neutral 
salts but very much by emulsion colloids. Not only does the 
concentration of the emulsoid change the viscosity, but (at the 
same concentration) the colloidal state affects it. Apparently, 
the greater the hydration of the colloid the greater the viscosity. 
The viscosity of a solution is measured by the time required for it 
to flow through a capillary tube divided by the time required by 
pure water to flow through the tube at the same temperature. 

The rotation of the plane of polarized light may be used to 
find the concentration of an asymmetric solute in a mixed solu- 
tion since only molecules having an asymmetric atom, usually 
carbon, have this property. Rotation is measured with a polari- 
meter; Colloidal solutions may polarize light dispersed by the 
particles (Tyndall effect) and gels polarize light when deformed, 
and are then called doubly refractive or anisotropic. 

The surface tension may be used as an index of the concentra- 
tion of certain solutes. Neutral inorganic salts have very little 
effect on the surface tension, but anesthetics have a marked 
effect. The surface tension is found by dividing the weight of 
a drop of the solution by the weight of a drop of water dropped 
from the same pipette. 

The electrical conductivity is much used to find the concentra- 
tion of ions, but it depends, not only on the number, but also 
on the speed of the ions, and hence on the viscosity of the solu- 
tion. The greater the hydration of an ion the less is its speed, 
hence the speed is supposed by some writers to decrease with 
decrease in concentration until maximal hydration occurs. When 
such a dilution is reached, further dilution evolves no heat, and 
the solution is called "dilute." 

The color of a solution is determined qualitatively with the 
spectroscope and quantitatively with the colorimeter. A change 
in the quality of the color is supposed by Stieglitz to be due to 
change in the positions of electrons within the molecule, follow- 
ing an upsetting of the equilibrium by addition or removal of 
atomic groups. It seems probable that a change in the degree 
of hydration may lead to a change in color. The color of a sol 
may be due to the size and refractivity of the colloid particles. 
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The degree of turbidity of a sol or suspension is determined with 
Richards's nephelometer. 

In order to facilitate comparison of the results of different 
investigators, the standards used in measurement should always 
be recorded. The practice of measuring dimensions in the metric 
system and temperature in degrees centigrade (Celsius) is quite 
general, but some confusion may arise from any assumptions as 
to the concentration of solutions. The effect of the acceleration 
of gravity may be neglected in weighing, because it affects equally 
the weights used and the substance weighed. The buoyancy of 
the air is taken into consideration in the finest work and especially 
for very light substances. Certificates of the U. S. Bureau of 
Standards give weights in vacuo, hence the volume of the weights 
must be subtracted from the volume of the substance weighed 
in correcting for the buoyancy of the air. 

The lengths of the (two arms of the balance beam are often 
sufficiently different to produce an appreciable error in weighing. 
By determining the ratio of the lengths of the two arms a cor- 
rection may be applied. Or the true weight may be found by 
taking the geometric mean of the weights on the two pans (after 
a second weighing on the opposite pan). 

The standard solution or m, is the gram-molecular-weight 
of the solute in a liter of the solution, but the liter flask from 
the Bureau of Standards should be used at the temperature for 
which it was standardized. After the solution is standardized, 
any change in temperature changes its volume and hence burettes 
and pipettes must be used at the same temperature as the flask. 
A flask standardized at 15 would hold 0.4 oc too much at 30 , 
but if it is merely a question of volumetric analysis, this can 
easily be corrected for as the pipettes and burettes likewise hold 
0.04 per cent too much. If a liter flask is standardized at 15 it 
holds about 998 g H 2 at 15 , 996.3 at 25 and 995 at 30 when 
weighed in air. This refers to the true liter (the volume of a 
kilogram of H 2 at 4 ) and not to the Mohr liter. A liter meas- 
ures 1000.027 cc but in this bode cc is used to indicate 0.001 liter 
or milli-liter (ml). 

It is often desirable to use solutions under various conditions, 
and since their concentration according to the above definition 
may change, new definitions are substituted. Since the molecular 
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weight of a substance may change upon solution, the weight 
in grams as given in the chemical formula (mol) is usually taken, 
and the solution of this in a liter is called formal but is designated 
here as mol in order to save space. When attention is especially 
directed to an element that occurs more than once in the formula, 
the molecular weight is divided by the number of times this sub- 
stance occurs in the molecule (= gram equivalent weight), and 
the solution of this in I liter is then called normal. The effects 
of temperature are eliminated by using weight normal solutions, 
in which the formal or normal (gram equivalent) weight of the 
substance is dissolved in iooo grams of the solvent, but such 
solutions require a new standardization before use in burettes. 
The requirements of volumetric analysis are satisfied in the 
method used in titrating the chloride content of sea water. The 
results are expressed as (grams of CI per kilogram of sea water. 
The volumetric apparatus is standardized with a bottle of stand- 
ard sea waiter at the temperature at which the titrations are to 
be made. It is then necessary merely to have a relative calibra- 
tion of the divisions on the burette. 



CHAPTER II 

ELECTROLYTIC DISSOCIATION 

Electrolytic dissociation is not dependent on electrolysis as was 
formerly supposed. When certain substances are dissolved in 
water they dissociate into electrically charged ions, and these 
substances are therefore called electrolytes, to distinguish them 
from poorly dissociated, so-called non-electrolytes, such as sugar 
or urea. The individual ions in gases may be detected, but in 
solutions we are usually content with the circumstantial evidence 
of their existence. In biology we usually have to deal with 
aqueous solutions, and these are implied where others are not 
stated. Electrolytes that dissociate to a great extent in water 
dissociate much less if at all in many non-aqueous solutions. 

Strong acids and bases and their salts are almost completely 
dissociated in very dilute solutions, the dissociation increasing 
with dilution. Weak acids and bases and their salts are as a rule 
poorly dissociated 1 , but salts formed of a weak acid and a strong 
base or a weak base and a strong acid are more strongly disso- 
ciated. As a rule, inorganic acids and bases are strong and 
organic weak, but there are exceptions. 

Solutions of all chlorides (NaCl, KC1, LiCl, CaCl 2 . . .) con- 
tain chlorine ions, NaCl dissociating into positively charged Na 
ions (Na*) and negatively charged CI ions (CI'). These ions 
are never free as represented but always hydrated. Silver nitrate 
in solution dissociates into Ag* and NO/. If silver nitrate is 
added to the solution of any chloride a white cloud of AgCl is 
instantly formed because Ag* unites with CI', the two being 
drawn together by their electric charges. 

Hydrated cobalt ions give a pink color to their solution, but 
the undissociated salts (and possibly non-hydrated ions if they 
exist) are of different colors, as may be seen by dissolving them 
in solvents in which they do not ionize. Cobalt chlorid in alcohol 
is blue, but if water is added the solution turns pink. Cobalt 
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nitrate in alcohol is purple, but on adding water it turns pink, 
because in the water-alcohol mixture electrolytic dissociation 
takes place (Noyes and Blanchard, 1900). 

Electric conductivity of solutions: Solutions of electrolytes 
conduct the electric current and are called conductors of the 
second class to distinguish them from the metals which are con- 
ductors of the first class. 

If an electric current is passed through a solution from two 
metallic conductors (electrodes) the positive ions (cations) are 
attracted to the negative electrode (cathode) and the negative 
ions (anions) are attracted to the positive electrode (anode). 

The more ions there are in a solution the greater the electric 
conductivity, and hence the electric conductivity may be used to 
determine the ionization. In doing this the electrical resistance, 
in ohms, is measured, and the conductivity is the reciprocal of 
the resistance. 

The electrical resistance of solutions is measured by means 
of the Kohlrausch method. The solution to be examined is placed 
in a conductivity cell which consists of a glass vessel containing 
two platinum electrodes. The electrodes are made of platinum 
foil and should stand vertically so that bubbles will not collect 
on them. Every time the distance between the electrodes is 
changed to the slightest degree the cell has to be standardized 
again. To avoid this, the platinum is often made thick for stiff- 
ness, or the four corners of one electrode are connected to the 
corners of the other by means of glass rods fused to the platinum 
by heat. To the upper edge of the platinum foil a stout platinum 
wire is welded. This is done by heating foil and wire to a white 
heat and welding the wire to the foil by means of a quick tap 
with a hammer. The wire is fused into the end of a small glass 
tube and a drop of mercury dropped into the tube so as to touch 
the platinum wire. When connecting up the apparatus, a copper 
wire is inserted down the tube into the mercury. The electrodes 
may be fastened into the cell by passing the glass tubes through 
a stopper that fits into the cell. 

For solutions used in pure chemistry the pipette forms of con- 
ductivity cells that are on the market are very convenient. For 
biological fluids when only a small quantity may be obtained, the 
test tube form of cell shown in Fig. 2 is convenient. For tissues, 
the apparatus shown in Fig. 3 is useful. 
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Fig. 2. Electric conductivity electrode of low inductive capacity. 



Before using the cell, it must be cleaned with a saturated solu- 
tion of potassium bichromate in concentrated sulphuric acid 
(called cleaning fluid). The platinum should be cleaned by heat 
before fusing in the glass, and cleaned with cleaning fluid in the 
cell. The cell is rinsed with distilled water and the platinum is 
coated with platinum black (platinized) in order to increase its 
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Fig. 3. Electric conductivity electrode for tissues. 
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surface and reduce electric polarization. In doing this the cell is 
filled with about 2 per cent platinic chloride solution containing a 
trace of basic lead acetate. An electric current of about four volts 
is passed through the cell until one electrode is blackened and the 
current is reversed until the other pole is blackened. The plati- 
nizing solution is returned to the bottle and the cell rinsed and 
filled with dilute sulphuric acid. A current is now passed in both 
directions as before. In this way hydrogen is produced, first on 
one electrode and then on the other, and reduces any chlorine 
that may have been absorbed by the platinum. The cell is now 
rinsed many times, finally with conductivity water, is filled with 
the latter and left until used. Conductivity water is made by 
adding sulphuric acid and potassium bichromate to distilled water 
and redistilling it, then adding barium hydrate to it and distilling 
it the third time with the exclusion of C0 2 of the air. Both 
distillations may be done at once (Jones, Hulett). 

In order to reduce polarization still further, a rapidly alter- 
nating current is used. This is best obtained from a special 
electric generator, or Vreeland oscillator, but owing to its cost 
most people are content with a small induction coil. The vibrator 
of the coil should be very stiff or very short, in order to produce 
a high pitch resembling the sound of a mosquito. A great change 
in the frequency may change the resistance measured 3 per cent 
(W. A. Taylor, 1915). The coil should be enclosed in a sound 
proof box. 

A Wheatstone bridge is built up of a resistance box, the con- 
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Fig. 4. Wheatstone bridge arrangement for conductivity apparatus. 
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ductivity vessel, a meter resistance wire with a sliding contact, 
and a telephone with which to detect the current (Fig. 4). These 
resistances are connected in a circle. The meter wire is divided 
by the sliding contact into two resistances which form two legs 
of the circuit, the box and the cell forming the other two legs. 
The two secondary poles of the induction coil are connected to 
the sliding contact and the juncture between coil and box re- 
spectively. The conductivity cell is marked A and the adjacent 
leg of the slide wire B, the box marked C and the adjacent leg 
of the slide wire D. The current entering the circuit at the 
juncture of A and C divides, part going through A and B and 
the other part through C and D. If the two ends of the meter 
wire have the same electrical potential, then the resistances of 

AC A B 

— = — , also — = — . In order to determine whether the two 

B D CD 

ends of the meter wire have the same potential the two wires of 
the telephone receiver are connected to the two ends and if no 
sound is heard the two ends have the same potential. If a sound 
is heard the resistance of the box is changed or the sliding con- 
tact on the wire is moved until no sound is heard. The resistance 
of the box may be read in ohms ; the resistances of the two parts 
of the meter wire are proportional to their length, and hence 
their lengths are used in the equation. From the equation the 
resistance of the conductivity cell A may be calculated. The 
ratio B/D may be read from the accompanying table. 

Usually the telephone is never quite silent, and the point of 
tone minimum may be more or less sharp, but may be sharpened 
in the following ways. The electrodes are made larger (their 
surface area increased). A self inductance, which may be varied, 
is placed in series with A. An electrical condenser, that may 
be varied, is placed in parallel with C. By readjusting the in- 
ductance and condenser and the sliding contact alternately, a 
sharp tone minimum is finally obtained (Washburn and Bell, 
1913). The condenser is to compensate for the capacity of the 
cell, which is larger the larger and closer together the electrodes 
are (but is least in the form of cell shown in Fig. 2). The self 
inductance is to compensate for the self inductance of the box 
and connecting wires. Resistance coils with very low self in- 
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Obach's Wheatstone Bridge Table of B/D Where B = Meter Slide 
from o to Sliding Contact and D = Remainder of Slide Wire. 



B 


400 


410 


420 


43° 


440 


450 


460 


470 


480 


490 





.6667 


.6949 


.7241 


•7544 


.7857 
.7889 


.8182 


.8519 


.8868 


,9 23i 


.9608 


i 


.6694 


.6978 


.7271 


.7606 


.8215 


.8553 


.8904 


.0268 


.9646 


2 


.6722 


.7007 


.7301 


.7921 


.8248 


.8587 


.8939 


.9305 


.9685 


3 


.6750 


.7036 
.7065 


.7331 


.7637 


.7952 


.8282 


.8622 


.8975 


•9342 


.9724 


4 


.6779 


.7361 


.7668 


.7996 


.8315 


.8657 


.9011 


.9380 


.9763 


1 


.6807 


.7094 


.7391 


.7699 


.8018 


.8314 


.8692 


.9048 


•9417 


.9812 


•£5?5 


.7123 


.7422 


.7731 
.7762 


.8051 
.8083 


.8382 


.8727 


.9084 


•9455 


.9841 


7 


.6863 


.7153 


.7452 


.8416 


.8762 


.9120 


•9493 


.0881 


8 


.6892 


.7182 


.74»3 


•7794 


.8116 


.8450 


.8797 


•9157 


•9531 


.9920 


9 


.6921 


.7212 


7513 


.7825 


.8149 


.8484 


.8832 


.9194 


.9569 


.9966 



In the table following 


, 1 is understood before the decimal point. 


B 


500 


510 


520 


530 


540 


550 


560 


570 


580 


590 





.0000 


.0408 


.0833 


.1277 


• I7 2? 


.2222 


.2727 


•3256 


.3810 


.4390 


1 


.0040 


.0450 


.0877 


.1322 


.1786 


.2272 


.2779 


.3310 


.3866 


.4450 


2 


.0080 


.0499 


.0921 


.1368 


.1834 


.2321 


.2831 


•3364 


•3923 


.4510 


3 


.0121 


•0534 


.0964 


.1413 


.1882 


.2371 


.2883 


.3319 


.3981 


.4570 


4 


.0161 


.0576 
.00x9 


.1008 


•1459 


.1930 


.2422 


.2936 


•3474 


.4038 


4631 


5 


.0202 


.1053 


.1505 


.1978 


.2472 


.2989 


.3529 


.4096 


.4691 


6 


.0243 


.0661 


.1097 


.1552 


.2026 


•2523 


•3041 


.3585 


.4155 


4752 


7 


.0284 


.0704 


.1142 


.1598 


.2075 


•2573 


.3095 


.3641 


.4213 


.4814 


8 


.0325 


.0747 


.1186 


.1645 


.2124 


.2624 


.3148 


.3697 


.4272 


.4876 


9 


.0367 


.0790 


.1231 


.1692 


.2173 


.2676 .3202 


•3753 


•4331 


.4938 



ductance may be made by bifilar winding or lateral compression 
of the coil into one plane. A sharp tone minimum may be ob- 
tained and the telephone not be sensitive enough to detect it. A 
telephone that is tuned to the pitch of the induction coil is better, 
but the tune of the coil may change even though the spring of 
the vibrator is very stiff. A high frequency generator or Vree- 
land oscillator should not change in pitch, and is necessary for 
the greatest accuracy. 

Since i° rise in temperature causes an increase in electric con- 
ductivity of about 2.5 per cent, the conductivity cell must be 
placed in a water bath whose temperature is kept constant or 
observed very accurately at the moment of the determination. 

If the electrodes are 1 cm apart and have 1 sq. cm surface 
the conductivity of the solution in reciprocal ohms is the specific 
conductivity. The specific conductivity divided by the concentra- 
tion (w) is called the molecular conductivity (X). The usual 
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practice is not to measure the electrodes but to calibrate the cell 
with a known solution of KC1. 

It is found that the molecular conductivity of an electrolyte 
increases with dilution, or, in other words, the dissociation in- 
creases. At infinite dilution the dissociation would be complete, 
and is practically complete at .0001 mol. 

The question may be asked: Where does the electric charge 
of the ion come from? The study of radium has shown that 
the molecule contains a store of electricity but the positive 
charges exactly equal the negative charges and the molecule 
therefore is electrically neutral. These charges may exist free 
from molecules or ions and are then called electrons. It seems 
probable that negative electrons have no weight. A molecule of 
NaCl may be represented by an atom of Na and an atom of CI, 
each with a positive charge, connected by means of two negative 
electrons. When the molecule dissociates the negative electrons 
go with the CI atom and give it an excess of one negative charge, 
whereas the Na atom has a positive charge. 

If an electric current is passed through a solution, anions are 
deposited on the anode and cations on the cathode. It is neces- 
sary to pass 96500 coulombs of electricity (=1 Faraday) in 
order to deposit 1 gram equivalent of ions on an electrode. If 
the ions remain on the electrodes as in electroplating, a gram 
molecule -of the electrolyte is removed from the solution by the 
passage of 96500 coulombs, for a gram equivalent of anions is 
deposited on the anode and a gram equivalent of cations on the 
cathode. In any cross section of the solution, if x gram equiva- 
lents of anions is moving in one direction, 1 — x gram equiva- 
lents of cations is moving in the opposite direction. Supposing 
that the cations move twice as fast as the anions, if we draw an 
imaginary cross section half way between the electrodes, twice 
as many cations will pass going in one direction as anions going 
in the opposite direction, or Y$ gram equivalent of cations move 
to the cathode and Y gram equivalent of anions to the anode. 
Around the cathode 1 gram equivalent of cations is removed by 
the electrode and Y$ is gained by migration, leaving a deficiency 
of Y> whereas Y °f anions are lost by migration, or, in other 
words, Y m °l electrolyte is lost. At the anode Y mol electrolyte 
is lost. The change in concentration of the electrolyte at the 
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electrode gives the transport number of the ion. By following 
the above reasoning backward, the ionic speed may be calculated 
(Hittorf). 

These values of ionic speed are relative. The actual speed 
of ions is slow, as is shown by electrolyzing a solution containing 
colored anions around the cathode, and observing the time neces- 
sary for them to reach the anode. 

The relative speeds of ions may be more conveniently deter- 
mined by comparing the molecular conductivities of a series of 
salts that are completely dissociated. The molecular conductivity 
of a salt is proportional to the sum of the ionic speeds of anion 
and cation (v-f-u). Thus, the ratio of the molecular conductiv- 
ities of NaCl and KC1 is the ratio of the ionic speeds of Na 
and K. 

The relative ionic speeds at i8° according to Kohlrausch 
(1907) are as follows: 

With organic ions, the longer 
the carbon chain the less the 
speed (Bredig, 1894). 

HCOO 545 at 25 

CH.COO 40.8 

QH.COO 36.5 

CsH T COO 32.7 

QH.COO 30.7 

CHifGOO 29.2 



H 


318. 


OH 


174. 


Li 


33-4 


F 


46.6 


Na 


43.5 


O 


65.5 


K 


64.6 


Br 


67. 


Rib 


67.5 


I 


66.5 


■Cs 


68. 


NO, 


61.7 


>NH 4 


644 


CNS 


56.6 


Ag 


54-3 


OO, 


55 


^Ba 


55 


^so 4 


68 


5*Sr 


5i 


#CA 


63 


^Ga 


5i 






Vi Mg 


45 







In general we may divide electrolytes into two classes, the 
strong and the weak. Strong electrolytes are greatly dissociated, 
whereas weak electrolytes are poorly dissociated. So-called non- 
electrolytes may be to a minute extent dissociated. Water is 
a non-electrolyte; its ions are the most rapid, but it is poorly 
dissociated. Whereas the concentration of water is about 55 
formal (55 X 18 g per liter), only io* r mol is dissociated at 22 . 
[Owing to the partial association of H 2 into (H 2 2 ) its con- 
centration is less than 55 mol.] 

Strong electrolytes have not yet been brought entirely under 
the law of mass action. Weak electrolytes obey the law, and 
therefore their ions must obey it. Take, for example, the disso- 
ciation of acetic acid at different dilutions. The equation for 
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this sort of phenomenon was found even before the law of mass 
action was so widely applied, and is known as Ostwald's dilu- 
tion law. 

If a represents the degree of dissociation of such an electrolyte, 
of which one mol is dissolved in v liters, the concentration of 

a 
the cations and of the anions is — , and of the undissociated 

v 
1 — a 

molecules . Two reactions are going on at the same time, 

v 
the dissociation of the molecules into ions and the recombina- 
tion of the ions to form molecules. The rapidity of dissociation 

1— a 

depends on the concentration of the molecules, , and the re- 

v 

combination 6n the product of the concentrations of the two 

a a a a 1 — a 

classes of ions, — X — , and at equilibrium, — X — = c , 

v v v v v 

a a 

— X — 
v v 

where c is a constant, or = c 

1 — a 



v 

.2 



by division we obtain = c. From this equation it is 

v (i— a) 
seen that ionization increases with dilution. Expressed in words, 

it means that the greater the dilution the farther removed the 

ions are from one another and the less chance they have of 

colliding with one another and recombining to form molecules, 

or the chance of their meeting is equal to the product of the 

concentration of the anions and the concentration of the cations. 

This formula does not hold for the strong electrolytes, and 

Rudolphi (1895) and van't Hoff have applied the empirical 



a 8 



formula, = c, to them. One reason that the strong 

v(i— a 2 ) 

electrolytes do not seem to obey the law of mass action may be 

that they form different hydrates at different dilutions. Some 

of these hydrates have been crystallized and others detected in 

other ways. Not only some molecules, but also all ions are sup- 
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posed to be in the form of hydrates. Sulphuric acid forms the 
following hydrates (see Fig. 5) : sH 2 S0 4 • H 2 0, 3H 2 S0 4 • H 2 0, 
H 2 S0 4 H 2 0, H 2 S0 4 -2H 2 0, H 2 S0 4 • 3HA H 2 S0 4 • 4H 2 
and H 2 S0 4 • I2H 2 0, at percentages 96, 94, 85, 79, 65, 58, and 30 
of sulphuric acid (C. E. Davis, 1915). 

It should be emphasized that strong electrolytes exist chiefly 
as ions in the dilute solutions with which we have to deal in bio- 
chemistry. Take, for example, the neutralization of HC1 with 
KOH. Since HC1, KOH and KC1 take no part in the reaction 
and are practically never present, the reaction becomes 
H* -f- OH' = H 2 0. CI' and K* are present in the same quan- 
tities before and after the reaction takes place. That the re- 
action is simply the formation of water from its ions is illustrated 
by the fact that no matter what strong base or acid is substituted 
for the above (at 20 ), 13700 calories of heat are produced for 
1 mol of acid and alkali used. 

Ionization must be considered in studying the solubility of 
electrolytes. If we pass hydrochloric acid gas into a saturated 
solution of NaCl, the salt will partially crystallize out. In a 
saturated solution of NaCl, the product of the concentrations of 
Na* and CI' is a constant, and when we add more CI' by the 
addition of HC1, salt crystallizes out until the product assumes 
its original value. (This principle is used in the recryst^Jization 
of NaCl by the introduction of HC1 gas into the saturated solu- 
tion.) 

Some electrolytes dissociate into three or more ions. They disso- 
ciate by steps, thus K 2 S0 4 dissociates into K* and KS0 4 ' and 
the latter dissociates into K* and SO/'. In certain cases the 
first step may be complete and the second be incomplete under 
ordinary conditions. The dissociation of H 2 C0 8 and H 8 P0 4 
will be considered in a later chapter. 

In case one of the ions of an electrolyte is weSk and the other 
strong hydrolysis may occur. K 2 CO s dissociates into K* and 
KCO3'. K* combines with OH 7 of the water and forms KOH 
while the other ion unites with H* of water to form KHC0 8 . 
Since the KOH dissociates more OH ions than the bicarbonate 
produces H ions the reaction is alkaline. The further steps in 
this hydrolysis will be considered later. Hydrolysis is the union 
with the ions of water already present. When these are ex- 
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Fig. 5. Curves indicating the concentrations at which changes in the 
hydration of sulphuric acid occur (from Clarke Edwin Davis, 1915). 
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hausted more are formed, and the whole process is instantaneous 
in the above case. In this it is distinguished from the hydrolysis 
of proteins, for instance, in which the protein is boiled for a long 
time with acid or alkali, or hydrolyzed by means of enzymes. 
In the salt hydrolysis water is all that is necessary, but in the 
case of proteins the hydrolysis occurs with unmeasurable slow- 
ness in pure water. 

Some substances may dissociate both H* and OH', and are 
therefore called amphoteric electrolytes or ampholytes. The 
amino acids and proteins belong to this class. Their general 
formula is NH 2 RCOOH, in which R represents a carbon chain 
(or a series of them connected by the amino and carboxyl 
groups). Some of these may be about neutral, but usually the 
acid or basic character predominates. The double nature of 
these substances is shown by their compounds. If HC1 is added 
to egg albumin the latter no longer dissociates H ions, owing 
to the large number already in solution, but it continues to dis- 
sociate OH ions and as fast as these are formed their place in 
the albumin is taken by CI ions, so that more OH ions continue 
to form and to combine with the H ions in solution. In this way 
Alb. CI is formed, which dissociates into Alb* and CI'. If an 
electric current is passed through the solution the albumin will 
go to the cathode. 

On the contrary, if KOH is added to an albumin solution 
Alb.K will be formed by the displacement of the H of the 
hydroxyl, and if an electric current is passed the albumin will 
go to the anode. 

At a certain reaction of the solution the albumin will not 
migrate in an electric field, or if it does half will go toward the 
cathode and half toward the anode. This reaction is called the 
isoelectric point for that albumin. This subject will be con- 
tinued in Chapter IV. * 



* 



CHAPTER III 

OSMOTIC PRESSURE 

There are some membranes that are freely permeable to water 
but impermeable to many dissolved substances, and are called 
semipermeable membranes. An example of such is found in one 
of Traube's (1867) membranes. If a solution of potassium 
ferrocyanide is allowed to come in contact with a solution of 
Q1SO4, a membrane of copper ferrocyanide is formed, which is 
impermeable to potassium ferrocyanide, CuS0 4 and their ions 
and to a certain degree to some other electrolytes such as MgS0 4 
and its ions. If this membrane is made in the form of a bag 
with CuS0 4 on the inside and placed in pure water, so much 
pressure will be developed within it that it will burst. This 
pressure is called the osmotic pressure of the CuS0 4 solution 
and can be measured if the membrane is strong enough. Mem- 
branes may be deposited in the pores of strong clay cups and 
thickened by driving in the mother substances with an electric 
current (H. N. Morse, 1914). If such a cup is connected with 
a mercury or nitrogen manometer so that the osmotic pressure 
can be measured it is called an osmometer. 

It was found by de Vries (1884), Pfeffer (1877) and others 
that 1 gram molecule (mol) of a non-electrolyte, such as dex- 
trose, dissolved in water to make 1 liter has an osmotic pressure 
of 22.4 atmospheres at o°. De Vries found that electrolytes de- 
parted from this rule, but Arrhenius (1887) showed that this 
discrepancy could be explained by his theory of electrolytic dis- 
sociation, since the ions exert osmotic pressure as well as the 
molecules, and hence ionization would increase osmotic pressure 
as the total osmotic pressure is the sum of the partial pressure 
of molecules + ions. Van't Hoff (1887) pointed out that os- 
motic pressure of ideal dilute solutions is the same quantitatively 
as gas pressure. 

The formula for osmotic pressure of dilute ideal solutions is 
pv = RT, where p is the pressure in atmospheres, v is the vol- 
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*i V 

Fig. 6. Graph indicating the method of integrating the formula PV=RT 
(from MRR). 

ume in liters in which i mol solute is contained, R = 0.0821, and 

T is the absolute temperature, in which zero is — 273.090 on the 

centigrade scale (Fig. 6). Since the volume is the reciprocal of 

p 
the concentration, the formula becomes — == 0.0821 T, where 

c 

c is the molecular (molar) concentration. If the concentration 

is 1 and the temperature = o° C = 273 abs., p = .0821 X 273 

= 22.4. In other words, the osmotic pressure of a molar solution 

is 22.4 atmospheres at o°. From this a method was developed 

of determining the extent of dissociation of an electrolyte from 

its osmotic pressure. If 1 mol KC1 is dissolved in so large a 

volume of water that it is completely dissociated it will exert 

double the pressure of 1 mol dextrose dissolved in the same 

volume, because the number of ions is double the number of 

molecules, and the formula becomes pv = 2RT. If the salt is 

partly dissociated a number somewhere between 1 and 2 must 

be used (say 1.5), then 50 per cent of the salt is dissociated. 

The most accurate determinations of osmotic pressure have 

been done on sugars by H. N. Morse (1914) and Berkeley and 

Hartley (1904). Morse made some determinations on elec- 
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trolytes, but finds that they increase the permeability of the mem- 
brane. The results of Morse do not exactly correspond to the 
formula, and he supposes this due to the fact that the sugar 
molecules take up so much room that the concentration of the 
water is reduced. By dissolving the sugar in 1000 g of water 
instead of making a liter of solution, the formula was more 
closely followed. Such solutions are called weight normal solu- 
tions, but the water combined with the sugar molecules is not 
considered. According to Washburn (191 5) each sugar molecule 
is combined with six molecules of water, which means that in a 
liter of a mol solution, 108 g of water per liter are taken from 
the solvent. The significance of the room occupied by the mole- 
cules is strikingly shown in solutions containing solutes of very 
high molecular weight. The osmotic pressure of a 30 per cent 
gum arabic solution is 4 atmospheres, whereas that of a 60 
per cent solution is 48 atmospheres. If blood serum whose 
osmotic pressure is 6 atmospheres is concentrated to Y\ volume, 
its osmotic pressure is 35 atmospheres. 

Owing to the difficulty of determining the osmotic pressure 
directly, it is usually calculated from the freezing point. An 
osmotic pressure of 22.4 atmospheres corresponds to a freezing 
point lowering (A) of 1.85°. The following conversion table 
was calculated by Harris and Gortner (1914) from the formula 
of Lewis (1908). 

In determining the freezing point of aqueous solutions, the 
only advantage of the Beckmann thermometer is that it may be 
accessible. It has the disadvantage that it must be adjusted for 
aqueous solutions and that the zero point must be determined 
every year. The curvature and the temperature of the two 
mercury surfaces bordering on the vacuum are not always the 
same and hence the vapor pressure of the mercury at these two 
surfaces is not the same, and consequently mercury distils over 
from one surface to the other. The Heidenhain thermometer 
has no adjustment to cause this trouble. It is a simple ther- 
mometer graduated in hundredths of a degree from about +0.5° 
to — 5°. The Burian-Drucker (1910) thermometer is designed 
for fluids of which only 1.5 cc may be available. Since it has 
a smaller bulb and consequently shorter stem, it is graduated in 
fiftieths of a degree. The thermometer should be kept in ice 
water several hours before the determination. 
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Table of TDsmotic Pressures in Atmospheres for Depression of the 

Freezing Point. 



A 


Hundredths of degrees, centigrade 


«■& 





1 


2 


3 


4. 


5 


6 


7 


8 - 


9 


O.O 


O.OOO 


0.I2I 


0.241 


O.362 


O.482 


O.603 


0.724 


0.844 


0.965 


1.085 


O.I 


I.206 


1.327 


1-447 


1.568 


1.688 


1.809 


1-930 


2.050 


2.171 


2.291 


0.2 


2.412 


2.532 


2.652 


2.772 


2.893 
4.098 


3-014 


3.134 


3-*55 


3-375 


3496 


0.3 


3.616 


3-737 


3.857 


3-978 


4.219 


4339 


4459 


4-58o 


4.700 


O.4 


4.821 


4.941 


5.062 


5.182 


5.302 


5423 


5-543 


5.664 


5.784 


5-904 


0.5 


6.025 


6.145 


6.166 


6.386 


6.506 


6 627 


6.747 


6.867 


6.988 


7.108 


0.6 


7.229 


7-349 


7.469 


7-59° 


7.710 


7.830 


7.951 


8.071 


8.191 


8.312 


0.7 


8.432 


8-552 


8.672 


8.793 


8.913 


9.033 


9.154 


9.274 


9-394 


9514 


0.8 


9-635 


9755 


9-875 


9-995 


10.12 


10.24 


10.36 


10.48 


10.60 


10.72 


0.9 


IO.84 


10.96 


11.08 


11.20 


11.32 


11.44 


11.56 


11.68 


11.80 


11.92 


1.0 


12.04 


12.16 


12.28 


12.40 


12.52 


12.64 


12.76 


12.88 


13.00 


13.12 


1.1 


13.24 


13-36 


1348 


13.60 


1372 


13.84 


13.96 


14.08 


14.20 


14.32 


• 1.2 


14.44 


14.56 


14.68 


14.80 


14.92 


15.04 


15-16 


15.28 


15.40 


15.52 


*-3 


15.64 


15.76 


15.88 


16.00 


16.12 


16.24 


16.36 


16.48 


16.60 


16.72 


1.4 


16.84 


16.96 


17.08 


17.20 


I7-32 


1744 


17.56 


17.68 


17.80 


17.92 


"•5 


18.04 


i8.i6 


18:28 


18.40 


18.52 


18.64 


18.76 


18.88 


19.00 


19.12 


1.6, 


19.24 


I9-36 


19.48 


19.60 


19.72 


19.84 


19.96 


20.08 


20.20 


20.32 


1-7 


20.44 


20.56 


20.68 


20.80 


20.92 


21.04 


21.16 


21.28 


21.40 


21.52 


1.8 


21.64 


21.76 


21.88 


22.00 


22.12 


22.24 22.36 


22.48 


22.60 


22.72 


1.9 


22.84 


22.96 


23.08 


23.20 


23.32 


2344 


23.56 


23.68 


23.80 


23.92 


2.0 


24.04 


24.16 


24.28 


24.40 


24.52 


24.63 


2475 


24.87 


24.99 


25.11 


2.1 


25-23 


25.35 
26.55 


25-47 


25-59 


25-7I 


25-83 25.95 


26.07 


26.19 


26.31 


2.2 


26.43 


26.67 


26.79 


26.91 


27.03 127.15 


27.27 


27.39 


27.51 


2.3 


27.63 


2775 


27.87 


27-99 m 


28.11 


28.23 


28.34 


28.46 


28.58 


28.70 


2.4 


28.82 


28.94 


29.06 


29.18^ 


29.30 


29.42 


29-54 


29.66 


29.78 


29.90 


2.5 30.02 


3©.i4 : ; 


30.26 


30-38 


30.50 


30.62 


30.74 


30.86 


30.98 


31.09 



The solution to be frozen is poured into a test tube having 
a double bored cork. This tube is sometimes provided with a 
side neck' through which a small crystal of Ice may be dropped 
to start the freezing as soon as the temperature reaches the 
freezing point and thus prevent undercooling. The test tube 
is fitted into a larger test tube and the space between them left 
full of air or filled with alcohol to prevent the condensation of 
moisture which would obscure observation. The freezing mix- 
ture is usually crushed ice or snow and salt, but this interferes 
with observation, and ether through which air is sucked is prefer- 
able. 

The determination of the freezing point is as follows. About 
22 cc of the solution is poured into a test tube, and the bulb of 
the thermometer and a platinum stirrer lowered into it through 
separate holes in the stopper. The test tube is cooled nearly to 
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the right temperature by immersing it in ice and salt; it is then 
wiped dry and pushed through the bored cork of a larger test 
tube and returned to the freezing mixture. The thermometer 
should not touch the wall of the inner test tube, and this in turn 
should not touch the outer test tube, as the local cooling thus 
produced might cause a local freezing before the entire solution 
reached the freezing point. The solution is stirred until freezing 
commences. The temperature will fall below the freezing point 
and when the first ice separates suddenly rise to the freezing 
point. This undercooling may be lessened by having the freez- 
ing mixture only slightly below the freezing point of the solution 
or by dropping in a crystal of ice to start the freezing at the 
proper moment. Since the sudden separation of ice that occurs 
before the definitive freezing point is reached concentrates the 
remaining solution, the freezing point lowering is too great and 
should be decreased 1/80 for every degree of undercooling. 

Although the cryoscopic method is very simple in principle, 
it is only by the most painstaking performance that an accuracy 
of .001 ° is obtained. Since a A of 1.85° corresponds to an 
osmotic pressure of 22.4 atmospheres, .001 ° represents a pressure 
of .0912 atmospheres or 9.2 mm of mercury, and is very serious 
when small differences in osmotic pressure are to be measured. 
It should be remembered that the cryoscopic method determines 
the osmotic pressure at the freezing point of the solution, and 
this should be reduced to the desired temperature by correcting 
for the effect of the temperature change on the electrolytic disso- 
ciation and osmotic pressure. 

A method for determining the freezing point of small amounts 
of solution, devisfed by Barger (1904), has been called a micro- 
tensimeter, but it is in reality an osmometer in which air forms 
the semipermeable membrane. It consists of a capillary tube 
that can be observed under a microscope having an ocular mi- 
crometer. The osmotic pressure of the solution is approximately 
known from previous data or a preliminary test. A graded series 
of solutions is prepared, the extremes of which will fall on the 
two sides of the osmotic pressure of the unknown. Drops of 
the unknown solution alternating with the known solutions are 
drawn up into the tube and their lengths measured. After an 
interval of time their lengths are again measured and the drop 
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of unknown that has not changed in length found; its osmotic 
pressure is between those of the graded solutions on each side 
of it. One cc of the unknown is sufficient and hence the method 
is useful in biological work. This method has the advantage that 
it measures the osmotic pressure at any desired temperature. 
The chief error is in the mixing of the drops, caused by the 
adhesion of a surface film to the glass and the transfer of fluid 
from one drop to another in this film. 

The way in which osmotic pressure may do work in the or- 
ganism is best illustrated in plants. The plant cell is limited by 
the plasma membrane which is impermeable to some dissolved 
substances. Surrounding the plasma membrane is the cellulose 
cell wall. If the cell is placed in water the osmotic pressure of 
its interior causes it to swell, and the plasma membrane is pressed 
against the cellulose cell wall and tightens it or makes the cell 
turgid. This turgidity (turgor) is what gives stiffness to herba- 
ceous plants, lacking which the plant is said to be wilted. The 
osmotic pressure of many plant cells is a number of atmospheres, 
and the cell wall has to be very strong in order to withstand the 
pressure. The extent of this pressure is realized when the roots 
of trees growing between rocks separate the rocks by the osmotic 
pressure exerted. 

The cell wall of a young plant cell is very thin and is stretched 
by the osmotic pressure as the cell grows. Some mechanism 
must be provided for getting the osmotic substance into the cell, 
before it can stretch the cell and cause growth. In the green 
plant cell the osmotic substances are manufactured with the aid 
of sunlight out of H 2 and C0 2 , to which the cell is freely 
permeable. The colorless cells absorb certain organic substances 
secreted by the green cells, transforming them into other sub- 
stances to which the plasma membrane is impermeable, and which 
therefore accumulate in the cells and cause the osmotic pressure. 
Though these osmotic substances are not in all cases definitely 
known, tannic and oxalic acid and their salts have been postu- 
lated. The sugars are supposed by some investigators to be the 
nutritive substances passed from the green to the colorless cells, 
meaning that both kinds of cells are permeable to sugar. Over- 
ton, however, claims that plant cells are impermeable to sugar 
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and hence any contained sugar could aid in maintaining the 
turgor. 

A solution whose osmotic pressure is lower than that of the 
cell is said to be hypotonic, and one whose pressure is greater, 
hypertonic. The osmotic pressure of many animal cells is very 
near that of the medium, or the fluid which bathes them. When 
the medium is hypotonic the cell swells, when hypertonic it 
shrinks until equilibrium is established. Since animal cells are 
not surrounded by very strong cell walls, they burst or swell 
when placed in pure water. But some animal cells are imper- 
meable to water, and consequently are not affected by changes 
in the medium. 

Fresh water protozoa are prevented from bursting by the 
activity of the contractile Vacuole. Zuelzer (1907) acclimatized 
Ameba verrucosa to sea water and the contractile vacuole beat 
more and more slowly and finally disappeared in y 2 sea water. 
The few marine protozoa that have contractile vacuole are 
parasitic and hence not in pure sea water and the pulsations of 
the vacuoles are much slower than is the case with fresh water 
forms. 

Most of the cells in the mammalian, reptilian and avian bodies 
are bathed by fluids whose osmotic pressure is practically con- 
stant. One of these fluids is the blood. Its osmotic pressure 
at body temperature, is about 8 atmospheres (6.7 at o°), its 
freezing point being about — .56°. This corresponds to about 
10 per cent (.3 molecular) cane sugar or .95 per cent NaCl solu- 
tion (.16 mol). See Fig. 30, Chapter XV. 

More minute data on osmotic pressure will be considered in 
Chapter XV. 



CHAPTER IV 



HYDROGEN AND HYDROXYL ION CONCENTRATION 

AND C0 2 PRESSURE 

Water is an electrolyte and dissociates into H and OH 
ions, which are therefore equal in number. At 22° or 23 
H* = OH' = 10- 7 , or H* X OH' = io" 14 . If we increase 
H* by adding acid, OH' decreases, because H* X OH' remains 
equal to io~ 14 . Conversely, if we add alkali, H* decreases, and 
hence we may estimate the acidity or alkalinity of a solution by 
determining the H* concentration. The product of the H and 
OH ion concentrations is io~ 14 and the — logarithm is 14 (and 
is designated — log K^). The following table gives the values 
of — logK w for various temperatures, calculated thermo- 
dynamically from the results of Lorenz and Boehi (1909) at 
18 , and which agree with those of Sorensen, Michaelis and 
some others within about one degree. 



t° — logKw 


t° —logKw 


t° —logKw 


t° —logKw 


t° —logKw 


t° —logKw 


18 14.142 

19 14.108 

20 14.073 

21 14.038 


22 14.004 

23 13.960 

24 13.927 

25 13.894 


26 13.861 

27 13.828 

28 13.796 

29 13.765 


30 13-733 

31 13.702 

32 13.671 

33 13-641 


34 i3-6i 1 

35 I358I 

36 13-561 

37 13-532 


38 13-5I3 

39 13-475 

40 13.446 



In order to save space it is better to express H* concentration 
as the minus logarithm (PH). Thus if H* concentration = io~ 7 , 
PH = 7 (Sorensen 1909). 

In order to understand the method by which the H ion con- 
centration is determined we must first consider the theory of 
concentration cells and electrode potentials. The fact that an 
electric potential difference is produced at the surface of con- 
tact of the metal with a solution is explained as follows: We 
know that the ions of metals are soluble because they are pro- 
duced by the solution of metallic salts. There is also a store 
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of electricity in the metal for charging the ions as illustrated by 
the behavior of radioactive metals. If a piece of metal is placed 
in pure water it gives off ions, but these ions taking positive 
charges from the metal leave the metal negative, and when the 
attraction of the negative metal for the positive ions equals the 
diffusion pressure (= osmotic pressure) of the ions no more 
ions will be given off. If instead of placing the metal in pure 
water we place it in a solution containing ions of the metal, the 
metal will give out a less number of ions and will become less 
negative. If the concentration of the metallic ions in the solu- 
tion is increased, a point will be reached at which the metal will 
give out no ions and hence remain electrically neutral, and if the 
ionic concentration of the solution is still further increased ions 
will be deposited on the metal and give it a positive charge. If 
a piece of metal is placed in a solution containing 1 gram equiva- 
lent of its ions per liter it may become negative or positive ac- 
cording to the metal used. The following table is prepared in 
this way, but the neutral point (taken arbitrarily) is not the 
potential of the earth but the potential of a hydrogen electrode 
in a gram equivalent solution of hydrogen ions (see Abegg Auer- 
bach & Luther, 191 1). The potential that the electrode assumes 
is called the electrolytic solution tension. 

Electrolytic Solution Tension. 

Potential of metal (or non-metal) when immersed in a normal solution 
of its ions at 25°, as measured against a normal hydrogen electrode. Some 
American writers use reverse signs (+, — )• 



Os 


Sn ,# 


— 


.1 


PI + 789 


ILi* — 3.305 


Fe** 


— 


43 


Pt + .863 


Rb* — 3.205 


TV 


— 


•32 


Au - + 1.5 


K - — 3.203 


Co ## 


— 


.29 


HSCV+ 2.6 


N<a - — 2.993 


Ni* # 


— 


.22 


SO/ + 1.9 


Ba* - — 2.7 


Pb ## 


— 


.12 


OH' + 4i 


Sr - # — 2.767 


tr 


! 


0.00 


CI'- + 1-35 


Ca # * — 2.55 


As 


+ 


.292 


Br' + 1.08 


Mg** - 1.55 


Cu" 


+ • 


•34 


I' 4- .54 


Al — 1.276 


Bi 


+ 


•391 


F' + 1.9 


Mn — 1.075 


Sb 


+ 


466 


S" - .55 


Zn # * — .760 


«*•• 


+ 


.86 




Cd** — .40 


Ag- 


+ 


.8 





- It may be seen from the table that the baser metals have a 
greater tendency to dissolve and produce ions than the noble 
metals. 
Electrolytic solution tension is reduced by certain impurities 
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in solution as follows, beginning with least effective: mannite 
<glycerine <glycol <meth. ale. <eth. ale. <acetone <prop. 
ale. <ether. (Abl, 1907.) 




'"HtT* m^ 



Stn*fi*.CtM 

Fig. 7. Method of connecting the apparatus for determining hydrogen 
ion concentration (from MRR). 

Determination of Hydrogen Ion Concentration with Hydrogen 
Electrodes 
The apparatus, Fig. 7, consists of a hydrogen electrode, a vial, 
filled with a saturated solution of KC1, and electrolytically con- 
nected with the hydrogen electrode, a calomel electrode elec- 
trolytically connected with the vial by means of a syphon, a 
capillary electrometer, ce, with compound reading microscope, 



Fig. 8. Tenth normal calomel electrode (from MRR). 
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a double throw switch, a knife switch (not shown), a telegraph 
key, k, a potentiometer wire with two (or three) movable con- 
tacts, a Weston cell and a storage cell. The pieces of apparatus 
are connected by means of copper wires as shown in Fig. 7. 

The 0.1 n calomel electrode, Fig. 8, is a test tube with syphon 
side neck, and a platinum wire or foil fused in the bottom. The 
platinum is plated or covered with pure mercury. Over the mer- 
cury is placed a layer of calomel (made by precipitation and 
washed repeatedly with a .1 n solution of KC1). The electrode 
is filled with the solution of KC1 and the top closed so that the 
solution will not run out the syphon. The end of the syphon 
is closed with some porous material or an ungreased ground glass 
stopper or stopcock and immersed in a saturated solution of KC1, 
into which the stopcock of the hydrogen electrode also is dipped. 
An improvised electrode is shown in Fig. 9 (saturated type). 



Fig. 9. Saturated calomel electrode (from MRR). 

The capillary electrometer may be bought sealed or it may 
be made in the form shown in Fig. 7. Pure mercury is poured 
in so as to make contact with the fused in platinum wires in the 
wide and narrow arms, and about 30 per cent H s S0 4 (by weight) 
is added until the capillary tube is filled. For accurate work 
this capillary must be fine as thermometer tubing and thin walled, 
so that higher power lenses may be used. The electrometer is 
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clamped on the stage of a tilted back microscope. If much cur- 
rent is run through the electrometer, a drop of mercury must be 
allowed to pass from the capillary into the large arm. 

The telegraph key short circuits the electrometer when not in 
use, and if a simple key is used instead, a short circuiting switch 
must be added. 
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Fig. io. Weston standard cell, saturated type (from MRR). 

It is not usually economical to make a Weston cell (Fig. io) 
if only one is needed and the materials are not already at hand. 
Directions for making it are given in Ostwald-Luther, "Messun- 
gen," 1910. Its voltage should be 1.0183 at 20 . If it is short 
circuited it will not recover for several days. 

The potentiometer should have a high electrical resistance in 
order to prevent the storage cell from running down rapidly, 
and to reduce errors due to contact resistances within itself. 

If a standard potentiometer or one like Fig. 11 is not available 
a No. 36 nichrome wire stretched over a 1018.3 millimeter scale 
may be used, but it must be calibrated as the meter wire is in 
Ostwald-Luther, "Messungen," 1910. 
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Fig. ii. Potentiometer and standard cell combined (L and N) from 
MRR. 

The principle of the potentiometer is as follows : Suppose we 
have a wire stretched over a scale divided into equal divisions, 
and an electric current flowing through the wire so that each 
division has a fall of potential of one millivolt. If we lead off 
a shunt circuit from two points on the wire 10 divisions apart 
through an electrometer, a current of 10 millivolts will flow 
through the electrometer. Interpose in the shunt circuit an 
emf of io millivolts in a direction opposite to the current in 
the shunt, no current will flow through the shunt, and there will 
be no deflection in the electrometer. Interpose an unknown 
emf in the shunt and move the contacts on the potentiometer 
wire until no deflection is seen in the electrometer, and the voltage 
of the unknown is equal to the number of divisions between the 
contacts of the shunt leads, in millivolts. In order to standardize 
our current, we reverse this process by placing a known emf 
(Weston cell) in the shunt and then changing the total length 
of the wire until each division equals a millivolt. 

The hydrogen electrode is essentially a metal electrode satu- 
rated with hydrogen. Platinum absorbs hydrogen greedily 
especially when in the finely divided state known as platinum 
black, and is excellent for the surface of the electrode. But it 
is better to make the interior of gold so that it will not absorb 
so much hydrogen and take it away from the surface. The gold 
is covered with platinum black as in platinizing conductivity 
electrodes, but it is not necessary to remove Cl 2 by HjSO, and 
electrolysis, as the electrode is never used as anode and no CI a 
IS formed. In order to keep the electrode saturated with hydro- 
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gen" while it is immersed in the fluid to be investigated, special 
vessels are necessary, but these are usually inseparably connected 
with the electrode and included under the term. 

Blood requires more precautions than any other biological 
fluid when investigated with the hydrogen electrode. When suc- 
cess has been achieved with it, the same technique and apparatus 
will serve for any other biological fluid with slight omissions and 
modifications for expediency. Though many forms of electrodes 
have been described, but four points in the technique need be 
emphasized: First, reduce the layer of blood over the platinum 
as much as possible so that hydrogen can get to the platinum 
(Michaelis "Wasserstoflionenkonzentration, ,, 1914). Second, 
shake the hydrogen with another sample of the same blood before 
passing it into the electrode, otherwise C0 2 will pass from the 
blood into the hydrogen and leave the blood more alkaline (Has- 
selbalch, 1913). Third (not absolutely necessary), remove the ery- 
throcytes. Otherwise the oxygen they contain will combine with 
the hydrogen in the platinum and reduce its concentration (Mil- 
roy, 1914). Fourth, connect the apparatus so that the blood is 
never exposed to the air and C0 2 lost (McClendon 1916 a). 
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Fig. 12. Hollow needle for drawing blood (from JBC). 
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Fig. 13. Tube for collecting, defibrinating and centrif uging blood with- 
out exposure to air. The ends are fitted with rubber tubes (from MRR). 

The following apparatus is the first to include all of these points 
(McClendon & Magoon, 1916). 

The blood is drawn through a hollow needle, Fig. 12, connected 
by rubber tubing to the 10 cc defibrination tube, Fig. 13, and 
defibrinated with the lead ball with the exclusion of air. This 
tube is then placed in the centrifuge and the corpuscles precipi- 
tated. The lower end' is connected to a mercury tube and funnel, 
with the exclusion of air, and the upper end is connected to the 
Fresenius cock a of the electrode, Fig. 14, that has already been 
rinsed with distilled water and filled with pure hydrogen. Rais- 
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Fig. 14. Hydrogen electrode for fluids containing CO a . Hydrogen is 
shaken with one portion of the fluid in the large compartment and passed 
into another portion of the fluid in the small compartment without ex- 
posure to air (from JBC). 

ing the mercury funnel causes the serum to rise in the cock and 
wash out the air, and when this is done the cock is turned (the 
two others likewise) so that the serum enters the electrode, the 
hydrogen bubbling out through the water in the trap, t. The 
2 cc chamber is completely filled with serum, the 4.5 cc chamber 
filled until it contains only 1.5 cc of hydrogen and all of the 
cocks closed. The electrode is shaken or inverted 200 times, to 
bring' the hydrogen to equilibrium as regards C0 2 . The middle 
cockYs now opened and the electrode held vertically or shaken 
so that the hydrogen displaces 1.5 cc serum from the smaller 
chamber. In passing from the large to the small chamber, the 
hydrogen is in contact with the returning serum spread in a thin 
film, and so completes C0 2 equilibrium. The middle cock is 
closed and the electrode shaken or inverted 200 times, connected 
to the potentiometer by means of a wire hooked into the platinum 
loop, and to the calomel electrode by dipping the Fresenius cock 
into the vial filled with a saturated solution of KC1. Clark and 
Lubs (191 6) state that it is better to have the KC1 meet the 
serum in a wide tube and make this contact immediately before 
taking the reading. I have not found this precaution necessary 
for an accuracy of 1 millivolt. If desired, the precaution may 
be taken by having the opening, a, Fig. 14, wide, lubricating this 
stopcock with serum before filling the electrode and leaving the 
outlet filled with serum after filling the electrode. The tempera- 
ture of the room is controlled or at least noted. A convenient 
thermoregulator for the room is shown in Fig. 15. The first 
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Fig. 15. Thermoregulator for maintaining constant temperature in a. 
room. The regulator is of strips of invar and brass welded together, and 
the heater is of nichrome wire strung through the air. An electric fan 
is necessary (from JBC). 



reading on the potentiometer is correct provided the electrode 
is the temperature of the room. If more readings are taken 
the electrode should be shaken or turned so as to splash a fresh 
layer of serum over the platinum. The efficiency of this elec- 
trode is shown by the fact that successive readings during one 
hour (or even forty-eight hours) are the same within 1 millivolt. 
The electrode is cleaned with potassium bichromate in sulphuric 
acid and left filled with distilled water. Before use, it is replatinized 
a few seconds, rinsed thoroughly with distilled water, the Fre- 
sinius cock lubricated with serum or KC1 solution and the elec- 
trode filled with pure hydrogen. Venous blood may be used in 
the electrode instead of serum, provided hirudin or oxalate are 
used to prevent coagulation. 

If it is desired to measure the PH of the serum at a known 
C0 2 pressure, the electrode is sealed to a Hemphill burette. Since 
C0 2 pressures above 10 per cent of an atmosphere are not desira- 
ble, the 100 cc burette may be shortened, and only 10 cc made nar- 
row and graduated as in Fig. 16. This burette may be called a 
tonometer, since the pressure of CO a in atmospheres is measured 
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Fig. 16. Combined tonometer and hydrogen electrode. The fluid is 
passed from the a cc electrode into the 100 cc tonometer and back into 
the 2 cc electrode (from JBC). 
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by it. The electrode is first filled with serum through a. The 
apparatus is set up as in the figure, and the tonometer filled with 
mercury by raising the mercury funnel. The connections with 
the H a and CO a generators are provided with side tubes with 
traps, o, to make sure that the gas issuing from them never varies 
more than about a millimeter of water from atmospheric pres- 
sure. The three way cock, a, is connected with the C0 2 generator, 
its outlet washed through the opening, b, and the cock turned 
so as to admit CO a into the tonometer while the funnel is being 
carefully lowered. When the right per cent of CO a is read off 
on the graduations the lower cock, e, and three way cock, a, 
are closed. Hydrogen is admitted in the same way as was the 
CO a , in order to fill the tonometer with gas at atmospheric pres- 
sure, and the lower cock, e, closed. If it is desired to make gas 
mixtures containing less than I per cent C0 2 , for example 0.03 
per cent CO a , first make 1 per cent C0 2 , mix by allowing to 
stand or inverting the apparatus, and expel all but 3 cc by raising 
mercury funnel, then fill with hydrogen. The apparatus is re- 
moved, the three way cock, a, is so turned as to connect the 
tonometer with the electrode, the serum shaken down into the 
tonometer and rotated fifteen minutes. One half cc of serum is 
shaken back into the electrode, connections made and reading 
taken. If it is desired to use another CO a pressure on the same 
serum, all of the serum is shaken into the electrode and the 
process repeated. By measuring the PH of the serum at C0 2 
tension of the alveolar air, the PH of the arterial blood may be 
obtained. It is not always possible to distinguish between the 
PH of venous and of arterial blood, because the slight difference 
may come within the limit of error of the method, but since the 
PH of arterial blood is more constant than that of venous blood, 
the significance of this procedure is obvious. 




Fig. 17. Hydrogen electrode for CO,-free fluids (from MJRR). 

A simple hydrogen electrode for small quantities of fluid is 
shown in Fig. 17. If used for titrations the rubber bulb may 
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Fie. 18. Curves showing change of PH with change of CO, pressure. 
The CO, tension is in percentage of atmosphere (from JBC), 

be replaced by a side outlet with stopcock and the fluid forced 
into the electrode by immersion in the beaker. 

By the buffer value or reserve alkalinity of the blood, we mean 
its resistance to change of reaction. Since the buffer value is 
always expressed in arbitrary units, varying with the method 
of determination, those values only are comparable that are ob- 
tained by the same method. The buffer value of serum, although 
not the same as that of blood, is approximately proportional to 
it, and hence may be used in place of it (see Fig. 18). Since 
COj is the principal reagent used by the organism in maintaining 
the reaction of the blood, it is of interest to know the change 
in reaction of the blood with change in CO, pressure. This is 
shown in the curve in Fig. 18. It may be noticed that within the 
normal physiological limits of CO s tension the change in reaction 
is very small (the normal curve passing through PH = 7.5 and 
COj = 5.2 per cent). It is therefore necessary to take two very 
different C0 2 pressures in order to obtain a reliable buffer value. 
But since the PH of blood in the body is rarely far from 7.5, the 
whole curve may be read from Fig. i«f provided merely the CO, 
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pressure of blood (or alveolar air) is known or the PH of blood 
at any known CO a pressure is determined. 

It should be noted that hydrogen electrodes are "poisoned" 
by H 2 S, NH 8 , Cl 2 and arsene, therefore the hydrogen should be 
freed from arsene by passing it through potassium perman- 
ganate+KOH solution and through mercuric chloride solution. 
If H^ is produced electrolytically the 2 should be removed 
(Clark and Lubs, 1916). Putrescent solutions are best studied 
by Rowntree's method (see indicators). 

Since the potentiometer measures the emf in millivolts, this 

reading must be converted into the PH by the following formula : 

emf — 337 

PH = , where T = absolute temperature. 

.1984 T 

Or the conversion table, Fig. 19, may be used. 

The following data will assist in constructing a conversion table like 
Fig. 19 of wider range: 



For PH = 




For Ph : 


= 10 




Emf = 
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9144 


18 


932.3 


27 


336.8 34° 


916.4 


19 


934.3 


28 


336.7 35° 


9184 


20 


936.2 


29 


336.6 36 


920.4 


21 


938.2 


30 


336.5 37° 


922.4 


22 


940.2 


3i 




924.3 


23 


942.2 


32, 




926.3 


24 


944.1 


33 




928.3 


25 


946. 


34 




930.3 


26 


947-9 
9497 
951.6 


35 
36 
37 



For conversion tables for the saturated calomel electrode see Mc- 
Clendon (1916 b). 

The formula and conversion table refer to the emf obtained 

with the partial pressure of hydrogen in the electrode = 760 mm, 

but since this is lowered by N 2 , C0 2 , water vapor, and by the 

barometric deficiency (760 — bar.) the potentiometer reading 

760 
must be increased by (30 log ) where q = partial pressure 

q 

of hydrogen in the electrode. According to Clark and Lubs 
(1916) a correction should also be applied for the expansion of 
H 2 by heat. This would make the number 338 apply to a wide 
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range of temperatures. All these corrections are combined in 
the following table from Clark and Lubs: 

•Correction in millivolts to be added to (potentiometer reading, for 
change in concentration of hydrogen due to barometric pressure, tempera- 
ture and vapor tension of waiter. 

Barometer (mm) 20 

780 0.85 

770 1.02 

760 1. 19 

750 • 1.36 

740 1.53 

Determination of Hydrogen Ion Concentration by Means of 

Indicators 

According to Ostwald, indicators are weak acids or bases whose 
ions are not colored like the undissociated molecules. Indicators 
may, however, be used in titration in non-aqueous solvents in 
which dissociation is very slight. The theory of Stieglitz that 
the change in color is due to intramolecular change, following 
change in ionization, may account for the fact that the change 
in color may not be instantaneous. It is possible that the amount 
of hydration of the ions has an effect on their color, since the 
presence of neutral salts affects the color of indicator solutions. 

The following indicators and PH at which they change are given by 
Friedenthal : 

Indicator PH Indicator PH 

Alizarin 6-8, 11-15 Lacmoid 4-8 

Alizarin blue S H-I3> 7- § Magdalarot 3-4, 14-15.. 3-4,14-15 

Alizarin green B 12-13 Mauvein 0-3, 13-15 

Alizarin Na sulfonate. 4- 6 Methyl green 0-2, 11-14 

Alkali green 3-7 Methyl orange 2-5*, 14-15 

Azolilmin (litmus) 5-9 Methyl violet 0-3, 12-15 

Benzopurpurin B 0-5, 13-14 a-Naptfool benzoin 9-1 1 

Bitteralmondoilgreen . . o- 2,11-14 Neutral red o- 1, 7- 9 

Cochineal 4-6 p-Nitropfoenol 5-7 

Congo red 3-5 Phenaoetolin 3-6, 10-13 

Crocein 12-14 Fhenolpfothalein 8-10, 13-15 

Curcumein (Tumeric) . 13-15 Rosolic acid 6-8, 13-15 

Cyanin 6-8 Saf ranin o- 1, 14-15 

Dimethylamidoazobenzol 2- 4 Saurefuchsin (Acid 

Echtrot o- 1 f uchsin) 9-14 

Eosinmethyleneblue ... 0-3, 14-15 Tetrabromphen'olphtiha- 

Fluorescein 0-6 lein 8-9, 12-15 

Gallein 1-6, 10-14 Thymolphthalein 10-11 

Guaiac 7-8 Tropaeolin 7-9 

Haematein 0-15 Tropaeolin o 11-13 

Heliantin I 11-13 Tropaeolin 00 0-3 

Heliantin II 12-14 Tropaeolin 000 11-13 

Iodeosin 0-15 Tranitro benzol 12-15 
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The following indicators were found by Sorensen (1909) to be least 
affected by proteins, but some control is necessary if the protein content 
of die unknown solution is considerable. 

Indicator PH 

Metihyl violet ' 0.1— 3.2 

Mauvein 0.1— 2.9 

(Methyl red) o — Benzolcarbonicacid azo dimethyl anilin 4.2 — 6.3 

p— Nitro phenol 5 — 7 

Neutral red , 6.8— 8 

Rosolic acid 6.9 — 8 

(Tropaeolin 000) p — Benzolsulfonicacidazo-a-napthol 7-6— 8.9 

a— Napthol phthalein 7-3— 8.7 

Phenolpihthalein 8.3—10 

Thymolphthalein 9-3—10.5 

The following indicators were studied by Clark "and Lubs (1915) : 

Indicator PH 

Monomethyl red 4.25 — 6 ' 

Monoethyl red 4.25 — 6 

Diethyl red '. 4.5 —6.5 

Monopropyl red 4.25 — 6.25 

Dipropyl red 4.5 — 6.5 

Dimethyl-a-naptihylaxnine red 5. — 6.75 

Phenolsulptionephthalein 6.5 — 8.5 

o— Cresolsulphonephthalein 6.5 — 8.5 

Thymolsulphonephthalein 8. — 9.75 

a — Naptholsulphonephthalein 7.5 — 9. 

Tetrabrompihenolsulphonephthalein 3.5 — 4.5 

Dibromthymolsulphonephthalein 6. — 7.25 

The color change and PH of solutions of some useful indi- 
cators were shown in a colored chart. In order to find the PH 
of an unknown solution, pour it into a test tube of 1 cm bore, 
add 0.1 cc of the indicator solution, and while looking down into 
it against a white background, compare it with the chart. If 
the test tube is 2 cm bore, .4 cc of indicator solution should be 
used. (McClendon, 1916, b; also in Tortugas Vol., Carnegie 
Ins. Wash., in press.) 

As shown by Sorensen (1909) some indicators are more sensi- 
tive than others to neutral salts, proteins and protein decomposi- 
tion products. Congo red and litmus are therefore to be 
especially shunned in biological work. For solutions containing 
large amounts of proteins, or having a color of their own, the 
method of Rowntree, Marriott and Levy, 1915, is useful, pro- 
vided that obvious extra precautions are recognized. The fluid 
to be tested is placed in a dialyzing capsule of collodion or parch- 
ment paper impermeable to protein, and introduced into a test 
tube containing some neutral (boiled) distilled water or salt solu- 
tion. The test tube is stoppered to prevent the loss of C0 2 and 
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dialysis allowed to proceed to approximate equilibrium. The 
capsule is removed and the right quantity of indicator added. 
The color is compared with that of a series of tubes of the same 
bore, containing the same amount of indicator and solution but 
of known PH. (Such tubes may be obtained, sealed, from 
Hynson, Westcott and Co., Baltimore.) Or the tube may be 
compared with the colored chart. One effect of dialysis is to 
dilute the solutes affecting the PH and causing an error which 
is less the greater the buffer value of the solution. 

Buffers and Solutions of Standard Hydrogen Ion Concentration 

m 

The PH of water, or solutions of neutral salts, or very dilute 
solutions of strong acids or alkalis, is changed by minute traces 
of certain impurities. Absolutely pure water (conductivity 
water) is neutral but may not remain so. If exposed to the air 
it becomes acid due to absorption of C0 2 , and if kept in glass 
it becomes alkaline, due to solution of the glass. "Pyrex" or 
"nonsol" glass is better in this respect, but any glass is improved 
by allowing a jet of steam to condense on the surface and drain 
off, a process known as steaming out. Silica or metal vessels 
are more reliable. This difficulty in maintaining fixed hydrogen 
ion concentrations is obviated by the use of buffers. The chief 
buffer in organisms is NaHC0 8 . The reaction of a pure solu- 
tion of NaHCO s is but very slightly alkaline, that of Na 2 CO a 
somewhat more alkaline and that of C0 2 but slightly acid. If 
we add a strong acid to a solution of NaHCO« the acidity of 
the mixture will not exceed that of a solution of C0 2 until all 
of the NaHC0 8 has been decomposed. If we add a strong alkali 
to a solution of NaHCO a the alkalinity of the solution will not 
exceed that of a Na 2 C0 8 solution until all of the NaHCOg has 
been decomposed. One drop therefore of n HC1 would acidify 
a liter of H 2 or neutral salt solution more than a liter of the 
acid would acidify a liter of m NaHCO a solution — hence the 
advantage of a relatively high concentration of buffers in stand- 
ard solutions. The standard solutions used by Sorensen (1912) 
are shown in the chart in Fig. 20. On the ordinate is given the 
number of cc of the first solution of a pair to be taken, when 
the second solution is to be added to give a total volume of 
10 cc. The stock solutions are as follows : 
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"HC1" = A o.i n solution of HC1 titrated with silver nitrate. 

"NaOH" = A o.i n solution of NaOH made by adding an 
excess of sodium or sodium amalgam to C0 2 -free H a O and 
titrating with HC1 and diluting to .1 n. Or decanting a clear 
saturated solution of NaOH and diluting to required volume 
with C0 2 -free H 2 0. 

"Citrate" = A o.i m solution of secondary sodium citrate 
made by dissolving 21.008 g citric acid in 800 cc of .25 n NaOH 
and diluting to a liter. A layer of ether on top will preserve it. 

"H 8 P0 4 " = A 1/15 m solution of H S P0 4 accurately stand- 
ardized. 

"KH 2 P0 4 " = A 1/15 m solution of KH 2 P0 4 made by dis- 
solving 9.078 g of the recrystallized anhydrous (desiccated) salt 
to the liter. 

"Na 2 HP0 4 " = A m/15 solution of Na 2 HP0 4 made by dis- 
solving 11.876 g to the liter, of Na 2 HP0 4 2H 2 that has been 
recrystallized and dried until it has the right water content by 
analysis. 

"Borate" = A solution of 12.404 g of recrystallized desiccated 
boric acid + 100 cc n NaOH solution made up to 1 liter. 

The distilled water used in making these solutions should be 
free from NH S and C0 2 . The C0 2 may be practically eliminated 
by boiling 15. minutes in a tin vessel and cooling under a soda 
lime tube. All solutions should be kept in "nonsol" or "pyrex" 
glass vessels or in paraffined bottles and those with PH above 5 
should be provided with soda lime tubes. The reagents should 
be the purest. In dropping metallic sodium into water 2 should 
be excluded. NaOH made from Na may be purchased but 
should be freed from carbonate by making it first an 80 per cent 
solution in a stoppered bottle and allowing the carbonate to pre- 
cipitate, then pipetting off the clear solution, diluting with C0 2 - 
f ree water and standardizing it. All of the salts should be dis- 
solved in boiling H 2 0, filtered and crystallized at least once. It 
is difficult to obtain pure phosphates. The Na 2 HP0 4 solution 
should turn phenolphthalein a deep red. In the chart, Fig. 20, 
impurities in the reagents affect the ends of the curves more than 
the middle. 

The buffer mixtures of Clark and Lubs (1916) are as follows: 
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Fig. 20. Sorensen's chart of buffer mixtures. On the ordinate is the 
number of cc of the first solution when the mixture is completed to 10 cc 

with the second solution indicated on the curve. On the abscissa is the 
PH at 18° (from EP). 
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1. Solutions made up to 200 cc and containing 50 cc 0.2 in KH-phtha- 
late + 

0.2 n HC1 I 46.70 39.60 32.95 26.42 20.32 14.70 900 597 2.65 
PH at 20 I 2.2 24 2.6 2.8 3.0 32 3.4 3.6 3.8 

2. Solutions made up to 200 cc and containing 50 cc 0.2 m KHnphtha- 
late + 

0.2 n NaOH I 0.40 3.70 7.5012.1517.7023.8529.95354539.8543.0045.4547.0 
PH at 20° 1 4.0 4.2 44 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0 6.2 

3. Solutions made up to 200 cc and containing 50 cc 0.2 m KHJP0 4 + 
50 cc 0.2 n KCI + 

PH at 20 1 5.8 6.0 6.2 64 6.6 6.8 7.0 7.2 74 7& 7-8 8.0 
0.2 n NaOH 13.72 5.70 8.60 12.60 17.80 23.65 29.63 35.00 39.50 42.80 45.20 46.80 

4. Solutions made up to 200 cc and containing 50 cc 0$ 0.2 m H 8 BO$ + 
0.2 n NaOH I 2.61 3.97 5.90 8.50 12.00 16.30 21.30 26.70 32.00 36.85 40.80 43.9 
PH at 20 1 7.8 8.0 8.2 8.4 8.6 8.8 9.0 9.2 94 9.6 9.8 10.0 

These solutions should be made from the purest reagents, that 
have been recrystallized three times. The acid potassium phthalate, 
acid potassium phosphate, and potassium chloride may be dried 
at no° but the boric acid must be dried at room temperature 
in a desiccator. 

The more acid of the mixtures will deposit crystals of phthalic 
acid if not kept considerably above 20 . 

It may be inferred that the buffer value of these solutions is 
less than those of Sorensen, but their salt action on indicators 
is also less. 

Dissociation Constants of Acids and Bases 

Acids and bases differ from neutral salts in that among their 

dissociation products are the ions of water, H # or OH' as the 

case may be. Since the strength of acids and bases lies in the 

number of H and OH ions they dissociate, it is determined by 

the dissociation constant, c. 

a 2 

From the law of mass action we have : c = , where 

v(i— a) 

v is the number of liters in which 1 mol of the acid (for in- 
stance) is dissolved, 1 — a represents the proportion of the un- 
dissociated molecules and a represents the proportion of anions 
= cations. If we increase the dilution, v, then a 2 increases and 
therefore (a = H # ) increases. (H* per liter decreases.) 

Strong acids appear to disobey this law when dissociation is 
determined by electric conductivity. If c is determined from 
the dissociation of a more concentrated solution, a more dilute 
solution is found to be dissociated less than is calculated from 
the formula. In other words, the dissociation in concentrated 
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solutions is more than is expected. The anomaly may be ex- 
plained by the hypothesis that the hydration of ions is less in the 
concentrated solution, they move faster and increase the con- 
ductivity, and, hence, the high dissociation is only apparent 
(G. N. Lewis). The dissociation of concentrated solutions of 
HC1 as calculated from electrode potential (J. Ellis, 1916) is 
much greater than that calculated from conductivity data. The 
two curves for dilute solutions are shown in Fig. 21. 



Fig. 21. Curves showing the difference between the dissociation of HC1 
as measured by electric conductivity (conductance ratio) and electrode 
potential (hydrogen ion concentration). 

In a molecular solution of an acid v = I and the formula 
a* H'XA' 
becomes: c = = , where H and A' represent 



56 



PHYSICAL CHEMISTRY 



the concentration of the ions and HA of the undissociated mole- 
cules of the acid. 

The dissociation constants of some weak acids and substances 
which dissociate traces of H*, are as follows at 25° (mostly 
from Scudder, 191 5) : 



-logK A 


Acid 


-logK A 


Acid 


— .92 


Trichloracetic 


10.22 


Carbonic (CO.") 


+1.00 


Oxalic 


11.00 


Chloral hydrate 


1.29 


Dichloracetic 


11.74 


Maltose 


1.96 


Phosphoric (H 2 PO/) 


12.06 


Levulose 


2.81 


Monochloracetic 


12.23 


Dextrose 


2.96 


Salicylic 


12.23 


Lactose 


301 


Tartaric 


12.43 


Arabinose 


308 


Citric 


12.44 


Phosphoric (PO/") 


340 


Malic 


12.72 


Sucrose 


365 


Hippuric 


1347 


Mannite 


3.68 


Formic 


1415 


Glycerol 


3.82 


Aoetoacetic 


1474 


Propionitrile 


385 


Lactic 


• 




4.17 


Succinic 


-logK B 


Base 


4.l8 


Benzoic 


2.80 


Piperidine 


4.25 


Acrylic 


2.90 


Diethylamine^ 


444 


Adipic 


3.25 


Ethylamine 


4-49 


Gallic 


327 


Dimethylamine 


47 


Betaoxy butyric 


339 


Methylamine 


473 


Acetic 


4.07 


Ethylenediamine 


4.80 


Butyric 


4.22 


Trimethylam ine 


4.82 


Valerianic 


4-34 


Allylamine 


484 


Propionic 


4-74 


Ammonia 


4.84 


Caproic 


477 


Brucine 


484 


Caprylic 


5.58 


Quinine 


5.8o 


Uric 


6.07 


Strychnine 


5.80 


Salicyl aldehyde 


7.00 


Atropine 


6.00 


Tannic 


7.00 


Pilocarpine 


6.05 


Phosphoric (HP(V) 


8.64 


Pyridine 


6.19 


Cacodylic 


930 


Aniline 


6.52 


Carbonic (HCO.') 


9.50 


o-Toluddine 


7.24 


Hydrogen sulphide 


9.58 


Methylaniline 


9.24 


Boric (JH 9 B(V) 


9.62 


Dimethylaniline 


933 


Hydrocyanic 


9.80 


Ethylaniline 


9.92 


Phenol 


1380 


Urea 



The temperature coefficient for the dissociation of acids and 
bases is usually small. 

In case of C0 2 and NH 8 , the above figures show only the 
apparent dissociation constants. The real acid and base are 
H 2 CO s and NH 4 OH, but the concentration of these is unknown. 
According to the investigations of Thiel and Strohecker (1914) 
the dissociation constant of H ? CO s is greater than that of formic 

acid, 
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Dissociation of Amphoteric Electrolytes (Ampholytes) 

Ampholytes dissociate both H and OH ions, having therefore 
two dissociation constants, K A and Kb. A pure solution of an 
ampholyte has an acid reaction, if K A is the greater, and an 
alkaline reaction if Kb is the greater. The following table gives 
the dissociation of some amino acids and dipeptides at 25°. Ac- 
cording to these figures, mostly from Scudder (1914), the dipep- 
tides are dissociated to a greater extent than the amino acids 
from which they are formed, and the dissociation of H* has in- 
creased more than the dissociation of OH', making the dipeptides 
more strongly acid than the amino acids. 

-4ogK A 

3.85 . 
4.39 
4-79 
4.92 

774 

774 
7.82 

8.16 
8.28 
8.40 
8.66 
8.66 
970 
974 
974 
11.00 

1396 

These dissociation constants show the relative dissociation of 
H and OH ions by an ampholyte when dissolved in a neutral 
solute. But the addition of an acid to the solution will reduce 
the dissociation of H ions and the addition of a base will reduce 
its dissociation of OH ions by the ampholyte, according to the 
law of mass action. At a certain reaction of the solution for 
each ampholyte, the dissociation of H and OH ions will be 
equal. The "remainder" of the molecule will be therefore neither 
electronegative nor positive, but neutral or isoelectric. The re- 
action at which this occurs is called the isoelectric point. Accord- 
ing to Michaelis the PH of the isoelectric point is one half of 
(— logK w ) + (— logK A )— (— logK B ) and the PH so calculated 
agrees with the PH found by experiment. Isoelectric points are 
given in above table, those of proteins in Chapter VI. 







PH of Iso- 


Ampholyte 


-logK B 


electric Point 


lAspartic acid 


11.92 


5.03 


Glutamic acid 


• • • • • 




m-Aminobenzok acid 


IO.pI 


379 


•p-Aminobenzoic acid 


II.63 


4.20 


Glycylglydoe 


10.70 


5.52 


Alanylglycine 


I0.70 


5.52 


Leucylglycine 


IO.S2 


566 


Taurine 






Asparigine 


11.74 


5.27 


Tyrosine 
Phenylalanine 


11.58 


54i 


11.89 


5-35 


Histidine 


8.24 


7.21 


Alanine 


11.28 


6.72 


Glycine 


11.55 


6.58 


Leucine 


11.49 


6.54 


Lysine 


7.00 


9.00 


Arginine 


7.00 


10.48 



CHAPTER V 

SURFACE TENSION AND ADSORPTION 

We are sometimes surprised at the strength of the surface 
film when we see insects supported on the surface of water, but 
according to Cokon (1910) a small clam suspended itself by 
threads (byssus) attached at only three points from the surface 
film in the Naples aquarium. This is more surprising when we 
realize that the thickness of the film is .00000006 mm. 

Although instances were already known, it was first formu- 
lated by J. Willard Gibbs (1874) into a general rule that sub- 
stances which lower the surface tension of a solvent become 
more concentrated in the surface film than in the interior. Take 
for example a system of two phases, oil and water. If a substance 
which lowers the surface tension of water be dissolved in the 
water it will concentrate in the surface film, next to the oil. 
If the substance be soluble in oil, it will diffuse into the oil until 
an equilibrium is reached between the concentration of the sub- 
stance in the oil and in the surface film of the water. If this 
substance therefore has the same solubility in water and in oil 
and does not lower the surface tension of oil it will become more 
concentrated in the oil than in the water. If the substance be 
insoluble in the oil it will remain concentrated in the film of water 
next to the oil and is said to be adsorbed by the oil. Hence, 
surface tension, adsorption and diffusion are related phenomena. 

In the phase boundary between two fluids it is easier to meas- 
ure the surface tension than the adsorption. On the contrary 
it is impossible to measure the surface tension in the phase 
boundary between a fluid and a solid, but the adsorption may 
be measured, actually or relatively. 

The most practicable method of measuring surface tension, 
in biochemistry, is the estimation of the average weight of a 
drop of the one of the fluids falling from a standardized pipette 
into the other fluid. In most measurements one of the fluids 
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Charts showing the hydrogen ion concentration of the stomach (on the 
ordinate) and time after eating (on the abscissa). Curves 1-4 from 
same man with different quantities of food. Curve 14 is the average 
curve for infants. 

is air, and the drop is hence allowed to drop out of the pipette 
into the air. The diameter of the dropping surface = 4.6 to 5.7 
mm (J. L. Morgan, 1915). One form of pipette is Traube's 
( 1904) stalagmometer. In its use, the weight of the drop is 
found by multiplying the volume of the drop by its specific grav- 
ity, the volume of the drop found by dividing the volume of the 
pipette by the number of drops from one filling. The pipette is 
standardized with water, whose surface tension is taken as unity. 
Therefore the surface tension == 

specific gravity of solution X no. of drops of water 

number of drops of solution 
Traube's (1912) viscostagmeter is a dropping burette with which 
the volume of say ten drops is measured, and is more rapid than 
the stalagmometer, which holds forty to 100 drops of water. 
(Stalagmometers are made to order by Kimball Durand Co., 
Chicago.) 

It is the presence of the substance in the surface film which 
lowers the surface tension, but it is not until diffusion into the 
surface film has reached an equilibrium that the lowest surface 
tension is present. For instance, soap very greatly lowers the 
surface tension of water, but when measurements are taken 
on new surfaces by the instantaneous method of Rayleigh, the 
surface tension of the soap solution is found to be the same as 
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that of water. If the soap solution is allowed to drop slowly 
from a stalagmometer it shows a lower surface tension than if 
dropped fast. The rate of flow from a stalagmometer is reduced 
by a piece of capillary tubing forming part of the outflow tube, 
but the more viscous the fluid the slower it will flow. In order 
to reduce errors from this source, Traube uses three stalag- 
mometers for solutions of different viscosity and selects one de- 
livering less than one drop per second. The error in using the 
stalagmometer, due to lack of diffusion equilibrium, is less than 
the error in the methods used on old surfaces, due to the forma- 
tion of haptogen membranes. It should be remembered, how- 
ever, that the stalagmometric data ar£ merely comparative, and 
only those results should be compared where the flow is slow and 
its rate approximately the same in each case (see Harkins and 
Humphrey, 1916). 




Fig. 22. Scheme showing that surface tension is located in a film whose 
thickness equals the diameter of the sphere of molecular attraction. 

In order to understand the relation between surface tension ' 

and osmotic pressure certain theoretical considerations are neces- 
sary. Surface tension is a molecular phenomenon. The thick- 
ness of the surface film equals the radius of the sphere of 
molecular attraction. In Fig. 22, suppose m to represent a mole- 
cule in the interior, M a molecule on the surface of a liquid, and 
the circles around them to define the spheres of molecular attrac- * 
tion. The sphere of m is entirely within the liquid, hence m 
attracts and is attracted equally on all sides by all molecules in : , \ 
this sphere. On the contrary, only the hemisphere of M is within 
the liquid and, hence, M is attracted laterally and downward, but 
not upward. This attraction which the molecules in the surface 
film have for one another puts the film under a tension — surface 
tension. 
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If the surface be convex the surface tension is greater, in- 
creasing with the convexity. In Fig. 23, m and M are two mole- 
cules equidistant beneath a plane surface (w) and a convex 
surface (Af). These molecules attract and are attracted by the 




Fig. 23. Scheme showing that convexity increases surface tension and 
concavity decreases it. 

molecules within the lightly shaded areas, the spheres of molecu- 
lar attraction. The uncompensated downward attractions are 
represented by the more deeply shaded areas. The area is larger 
in the convex film and, hence, the surface tension greater. 

The interior of a drop of a liquid is under a hydrostatic pres- 
sure due to its surface tension, the pressure being greater the 
smaller the drop. Imagine a spherical drop bisected by a plane. 
If the surface tension is unity, the pull of the surface film on 
the plane = 2 v t = the hydrostatic pressure on one side of the 
plane = pT 2 , where p is the pressure. Since pT 2 = 2 v v 9 

2*r 2 

p = = — , hence when r is small p is large, or when the 

ir r 2 r 

radius is small the pressure is large. Thus, the pressure is 
greater in small drops when the surface tension remains the 
same. But it was shown above that the surface tension is greater 
the smaller the drop (the greater the curvature). Hence, the 
pressure is increased in two ways. 

Now suppose the surface film of a drop of liquid that floats 
in another liquid of equal osmotic pressure to be semipermeable. 
The surface tension of the drop causes a hydrostatic pressure 
in its interior and pure water will be squeezed out through the 
surface film until the increase in osmotic pressure equals and 
replaces the hydrostatic pressure due to surface tension. Hence 
surface tension increases osmotic pressure. 

Without knowing the surface tension of protoplasm we cannot 
estimate. the effect of surface tension on the osmotic pressure 
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of cells. Quincke assumed that the surface tension of proto- 
plasm is the difference between the surface tension of water and 
that of a certain albumin solution. From this assumption the os- 
motic pressure of Micrococcus progrediens (diameter = .16 mm) 
would be 5.75 atmospheres greater than the medium, without 
taking into account the increase in surface tension due to con- 
vexity. This effect decreases rapidly with the diameter of the 
cell, for one of .02 mm diameter being only .046 atmospheres. 

Surface Tension of Aqueous Solutions 
As a rule, inorganic neutral salts, and many sugars, very 
slightly raise the surface tension, whereas acids, bases and most 
organic substances lower the surface tension. The lowering is 
not proportional to the concentration, but when a small amount 
of the substance lowers the tension a certain degree, each addi- 
tion of the same amount has less and less effect, Fig. 24. 



Fig. 24. Surface tension-adsorption curve (adsorption isotherm) of 
butyric acid (from a class experiment). The surface tension relative 
to pure water is plotted on the ordinates and the mol concentration of 

the butyric acid on the abscissae. 

A curve similar to Fig. 24, which is the typical surface tension 
adsorption or adsorption isotherm curve was first figured by 
Dupre (1866). The necessary consequence of the shape of this 
curve ts that the solute reducing the surface tension is adsorbed. 
This relation, demonstrated by Dupr£ and formulated a few 
years later by Gibbs, was first called to the attention of physiolo- 
gists through the comparatively recent writings of Wilhelm 
Ostwald. 
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The following table gives the surface tension at 15° of .25 
molecular solutions of some non-electrolytes, according to Traube. 
It may be seen that sugars and amino acids raise the surface 
tension, urea is inactive, trihydric alcohols and amides lower it 
slightly, and monohydric alcohols, ketones, nitrils, and organic 
acids and their esters lower it very much. In homologous series 
the effect is greater the longer the carbon chain. According to 
Traube it requires only one-third the molecular concentration of 
one member of the series to lower the tension as much as the 
preceding member. 

.25 mol s. t. at 15° .25 mol s. t. at 15 

Cane sugar 1.007 Propionic acid .83 

Grape sugar 1 Methyl acetate .83 

Mannite J I004 Propyl alcohol .8 

Glyooooll 1.003 Methyl ethyl ketone 797 

Water 1 Diethylamine 75 

Urea 1 Piperidine 738 

Glycerine 998 Ethyl ether 73 

Glycol 99 Pyridine 73 

Acetamid .986 Paraldehyde 7 

Methyl alcohol 966 Chloral (hydrate .695 

Acetic acid .961 Butyric acid .67 

Aceto nitrile 95 l9obutyl alcohol 61 

Ethyl alcohol .92 Tert. Atnyl alcohol .60 

Acetone .88 Ethyl acetate 58— .688 

Ethyl urethane 87 Isoamyl alcohol 42 

Propionitrile 842 

Although small amounts of some substances may reduce the 
surface tension of water to less than half, no substance raises 
it very much. The explanation is that the substance which lowers 
the surface tension becomes very concentrated in the surface 
film and has its maximal effect, whereas the substance which 
raises the surface tension is driven from the surface, consequently 
reducing its effect. 

The salts of mineral acids and alkalis slightly raise the surface 
tension whereas HC1 and HNO s lower it. An electrolyte brings 
with it the added effects of the ions and molecules. 

Surface tension is reduced by the colloids from organisms, 
but since we do not know their molecular weight we cannot 
compare them quantitatively with other organic substances. The 
colloid concentrated in the surface film becomes very viscous, 
finally forming a membrane insoluble in water. These so-called 
haptogen membranes form on the surface between water and 
air, ether, carbon bisulphide, chloroform and many solids. By 
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shaking the solution the colloid may be precipitated in the form 
of torn membranes, which assume a stringy appearance. In this 
way enzymes may be inactivated, being either colloidal or pre- 
cipitated with colloid impurities. The presence of colloids makes 
an emulsion of oil and water permanent by forming haptogen 
membranes around the oil drops. It is the haptogen membranes 
on fat globules in milk that keeps it permanently emulsified, 
but these membranes seem to be different from caseinogen. 

Measurement of surface tension is a convenient method of 
quantitative chemical analysis provided that only one substance 
greatly affecting the surface tension be variable in concentration. 
It is only necessary to plot the graph of surface tension and con- 
centration in order to make a table for converting surface tension 
readings into concentrations. In mixtures, however, the problem 
may be more difficult. 

G. D. Allen (1916) measured the surface tension of urine 
containing different concentrations of bile salts. Bile salts greatly 
increase the surface tension, but NaCl, which in pure solution 
slightly raises the surface tension, increases the effect of bile 
salts in lowering the surface tension. H ions increase the effect 
and OH ions decrease the effect of bile salts. Sodium taurocho- 
late is slightly less effective than sodium glycocholate and, hence, 
a variation in the proportions of the two salts would slightly affect 
the result. The following table shows the limits of error when 
the urine is diluted to a specified specific gravity in order ap- 
proximately to regulate the concentration of NaCl and other 
interfering substances. 

Showing the Amounts of Sodium Glycocholate Required to Give Any 
Observed Surface Tension in a Sample of Urine Diluted to a Standard 
Sp. Gr. of 1.010. 



S. T. of sample diluted 
tt 1.010 sp. gr. 


Minimum of sodium gly- 
cocholate which may 
give observed S. T. 
(Sample is acid.) 
Diluted sample. 


Maximum of sodium gly- 
cocholate which may 
give observed S. T. 
(Sample is alkaline.) 
Diluted sample. 


Per cent of that of dis- 
tilled water. 


95 
90 

85 
80 

75 
70 

65 
60 


gm. per ioo cc. 


O.OOI 

0.003 
0.007 
0.015 

0.033 

0.1-r- 


gm. per ioo cc. 
O.OOI 
O.OO4 
O.OO8 
O.OI5 
O.O3 
O.065 

0.1+ 
0.1+ 
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Billard and Bruyant (1905) observed the use made of surface 
tension by the beetles, Stenus tarsalis and cicendeloides, that dart 
about on the surface of water. They are pulled forward by the 
surface tension of the water in front, while the surface tension 
of the water behind them is decreased by substances discharged 
from the anus. A model of this may be made by attaching a 
piece of camphor to one end of a stick floated on water. Traces 
of the camphor dissolve and lower the surface tension behind, 
and the stick moves forward. An irregular piece of camphor 
alone darts about owing to unequal solution on different sides. 

Adsorption 

As a rule, substances which lower the tension of the water- 
air surface also lower the surface tension between water and 
a solid, but the latter can be measured only in terms of adsorp- 
tion. Traube gives the following data showing the effect of .25 
molecular solutions on the tension of the water-air surface as 
compared with the amount adsorbed by a unit quantity of animal 

charcoal. 

Solute. Surface tension. Adsorption. 
Acetic acid .84 .244 

Ethyl alcohol .85 .136 

Propionic acid -7575 «3#> 

Butyric acid .613 .573 

i-Amyl alcohol .374 .786 

It may be seen that surface tension and adsorption are inversely 
proportional except in the case of acetic acid, which is adsorbed 
by charcoal more than we would expect from the surface tension 
of its solution against air. A similar series was obtained of the 
adsorption of these substances by powdered glass, cotton and silk. 
The adsorption curve for different concentrations is similar to 
the surface tension curve, Fig. 24, a larger proportion of the 
solute being adsorbed from dilute solutions than from more con- 
centrated solutions. An empirical formula to express this curve 

x 

that has been suggested is — = ac lf / n , where x is the amount of 

m 

substance adsorbed, m is the amount of adsorbent powder, c is 

the concentration of the solution after equilibrium is established 

and a and n are empirical constants (Freundlich, 1907). N is 

usually greater than 1 and this makes the equation characteristic 
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for adsorption and surface tension. The equation is not quite 
correct, however, for concentrated solutions. As the concentra- 
tion of the solution is increased the surface becomes saturated 
and will not adsorb any more. 

Non-electrolytes that reduce the surface tension compete for 
a place at the surface. The one which is the more effective in 
reducing the surface tension will displace the other from the 
surface. The effect of two or more substances on surface tension 
is additive if the concentration curve is taken into consideration. 
The same rules hold for adsorption. 

Electrolytes that reduce surface tension are adsorbed. If the 
surface be electrically polarized, however, it affects the adsorp- 
tion of electrolytes but not of non-electrolytes. When this is 
the case, electrolytes and non-electrolytes that reduce the tension 
do not displace one another on the surface, but act independently. 

The adsorbability of anions increases in the order: S0 4 <C1 
<Br, N0 3 <I, and of cations Na <K <Rb <Cs and Ca <Sr 
<Ba. The ions of heavy metals are adsorbed more than those 
of lighter metals ; the nobler the metal the more this is true. 

Neutral salts, such as NaCl, that do not tower the tension of 
the water-air surface are nevertheless adsorbed by charcoal, 
paper, etc. The reason for this difference between the adsorp- 
tion by the air and the solid surface is probably not electrical 
polarization, since that could not favor the adsorption of both 
ions of a salt, but is probably due to molecular attraction of the 
salt by the solid (adhesion). The adsorption of a substance by 
the air surface is due to the repulsion by the water molecules, 
but the adsorption by a solid surface might be due either to the 
repulsion by the water or attraction by the solid (McClendon, 
1913 b). 

The electric charge of the solid, however, does influence the 
adsorption of ions. Cl&y, aluminum hydroxide and ferric hy- 
droxide are usually electropositive, whereas kaolin, mastic, 
silicic acid, sulphur, charcoal, glass, silk, cotton, wool, starch 
grains and many other substances are negative. Acid dyes are 
in general adsorbed by clay but not at all by kaolin, the converse 
being true of basic dyes. 

The electric charge of solid particles may be due to (first) 
electrolytic solution tension in the case of particles of metal, or 
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(second) to electrolytic dissociation in the case of silicic acid 
which dissociates H ions or sulphur which partially oxidizes and 
dissociates H ions, or (third) to absorption in case the particle 
absorbed one ion of an electrolyte and not the other, and often 
(fourth) to adsorption of ions. The ions that are responsible 
for the electric charge of all particles are not known, but H ions 
may be displaced from positive particles by organic cations. 

The electric charge of solid particles may be increased, de- 
creased or reversed by the adsorption of ions. H ions and heavy 
metal ions make particles more positive, whereas OH ions make 
them more negative. In the neutralization of the charge of 
particles, bivalent ions are more than twice as effective as mono- 
valent ions and trivalent ions are much more than three times as 
effective. This is what we should expect from the curve of 
adsorption (Fig. 24), since two molecules are not twice as effec- 
tive or three molecules three times as effective as one molecule. 

After reversing the charge of particles their adsorbing power 
is reversed. Wool will take up very little acid dye until it is 
made electropositive by the addition of free acid. 



CHAPTER VI 

ELECTROLYTES, NON-ELECTROLYTES AND 

COLLOIDS 

Since electrolytes in dilute aqueous solution are usually largely 
dissociated, it is with the ions that we have most to do. Many 
of the ions are elements and their properties may be predicted 
from their places in the periodic system. In Fig. i, curve III, 
the atomic weights of the elements are plotted on the abscissae 
and the atomic volumes on the ordinates. There are a number 
of U-shaped curves. At the tops of the arms are, Li, Na, K, 
Rb and Cs. These are the alkali metals and are arranged in 
order of their properties. The first spaces going down the left 
hand slopes indicate F, CI, Br and I. These are the halogens 
arranged in the order of their properties, forming the most im- 
portant monatomic anions in life processes. We find Be (above 
B), Mg, Ca, Sr and Ba occupying the first places down the right 
hand slopes. This is the alkaline earth series. The last three 
are arranged according to their physiological properties, but Mg 
sometimes behaves as an alkaline earth metal, sometimes as an 
alkali metal. It is peculiar also in its physical properties, 
MgS0 4 , for instance, being very poorly dissociated. The inter- 
mediate elements of the first and second curves, C, N and O and 
Si, P and S, form many of the compound ions. 

The most important anions may be arranged' according to their 
effect on the thermodynamic properties of water as a solvent in 
the following lyotrope series: CNS, I, (Br, N0 3 ), CI, CH 3 COO, 
S0 4 , HP0 4 , Tartric, Citric. They decrease the compressibility 
of water from left to right. Those to the left decrease, and 
those to the right increase the viscosity of water. They increase 
the saponification of esters by bases from left to right and the 
reverse is true of the hydrolysis of esters by acids. They in- 
crease the surface tension of water from left to right. The 
electrolytic solution tension increases from left to right. The 
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hydration of NO/ is small, of CI' is greater and of SO/' is 
greatest, but the other members do not fall in order, from the 
available data. Their effect in salting out poorly soluble sub- 
stances increases from left to right. 

The ionic speed of the cations increases in the order : Li, Na, 
NH 4 , K, Rb, Cs (the viscosity of their aqueous solutions de- 
creases in same order), and the order, Mg, Ca, Sr, Ba. They 
accelerate the hydrolysis of esters by acids from left to right. 
The reverse is true of the hydrolysis of esters by bases. Solu- 
tions of KN0 3 , KC1, CsCl and RbCl are less viscous than water. 
The electrolytic solution tension decreases in the order Li, K, 
Na and Ba, Ca, Mg, St. 

The heavy metals are poisonous on account of their low elec- 
trolytic solution tension, as will be discussed later. 

The H and OH ions are distinguished by their very high ionic 
speed and relatively low electrolytic solution tensions. They are 
very active aaid distinguish the acids and bases. 

Non-Electrolytes 

The dissociation of the so-called non-electrolytes is so small 
as not to affect the osmotic pressure. The H ion dissociation 
and effect on surface tension of many of them has been given. 
Many of these substances may be salted out of solution by the 
addition of electrolytes. The order of effectiveness of ions is : 
CNS <I, CIO3, N0 8 <Br <CI <OH <S0 4 <CO a , and H 
<Cs <Rb <NH 4 <Li (hydr.) <K <Na. The same holds 
true for salting out dissolved gases, which may be included under 
the mon-electrolytes. 

Many electrolytes and colloids may be precipitated from their 
water solutions by non-electrolytes. According to one view this 
is the substitution of one solvent for another. Salt is more 
soluble in water than in alcohol, and when alcohol is added to 
its saturated aqueous solution some salt is precipitated. 

According to Traube the precipitating power of non-electro- 
lytes is proportional to their effectiveness in lowering the surface 
tension of water. The following table gives their power of pre- 
cipitating Li 2 CO a as compared with the surface tension of their 
.25 mol solutions at 15°: 
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Non-electrolyte. Ppt. power Surface tension (^Smol). 

Mannfoe —10.7 1.004 

Dextrose — 6.6 1.004 

Water 1 

Urea + 46 1 

Glycerol + 94 -998 

Glycol +14-2 -99 

Methyl alcohol +198 .966 

Etihyl alcohol +337 & 

Acetonitrile +34-5 -95 

Urethane +41 -87 

Propyl alcohol +4I-8 .8 

Acetone +4 2 -S 88 

Pyridine +44-5 .73 

Piperidine +SO-6 .738 

Ethyl ether -f 5" 73 

Diethylamine +5<>.i 75 

Tert. Amyl alcohol +631 -6 

Colloids 

Although Graham defined colloids as a class of non-diffusible, 
non-crystallizable substances, Von Viemarn claims that any sub- 
stance may be made colloidal, and hence we should more cor- 
rectly speak of the colloidal state. Many constituents of cells, 
however, are practically always in the colloidal state and are 
conveniently called colloids (emulsoids). Although some pro- 
teins may be crystallized, the crystals contain water and water 
soluble substances and are therefore not so very different from 
gels. The colloids are divided into suspensoids and emulsoids. 

Suspensoids 

The suspensoids, or suspension colloids, are ultramicroscopic 
suspensions. The particles are said to be liquid when first 
formed, but some solidify later. With the ultramicroscope the 
particles may be seen and their size estimated. The ultramicro- 
scope is merely a microscope with a very powerful dark field 
illumination. The colloidal particles look like stars in the night 
except that they may appear colored, depending on their size, 
the smallest appearing blue. This light dispersed by colloid 
solutions causes them to opalesce. The light may not only be 
colored, but polarized as well, a phenomenon named after the 
discoverer, Tyndall. Even cane sugar and raffinose solutions 
show the Tyndall effect (De Bruyn, 1900). 

Whereas with the directly illuminated microscope particles 
.14 /* in diameter may be seen, with the ultramicroscope we may 
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see particles .004 fi in diameter. Since a molecule of soluble 
starch is calculated to be .005 /* in diameter, the limit of vision 
is within the size of the largest molecules. The colloidal particles 
visible with the ultramicroscope are called submicrons, but 
particles too small to see singly, amicrons, may cause a diffuse 
light. Since a diffuse light is caused also by submicrons which 
are out of focus, their presence must be excluded in order to 
be sure that the light comes from amicrons. Submicrons show 
the Brownian movement that is sometimes seen in the ordinary 
microscope when small suspended particles are present. The 
amplitude of the vibrations is inversely proportional to their size 
and the viscosity of the medium. 

Suspensoid particles bear electric charges in the same way that 
the particles of a suspension do. The origin of the charges 
is different in different cases. It may be due to electrolytic 
solution tension, as in case of the negative sols (colloid solu- 
tions) of platinum, gold or iridium. It may be due to electrolytic 
dissociation as in case of positive sols of metallic hydroxides or 
basic dyes or negative sols of silicic, stannic or tannic acids, 
mastix or sulphonic acid dyes. Or it may be due to adsorption 
of ions as in case of silver iodide sol. 

Colloidal particles of different sizes may sometimes be sep- 
arated by means of the ultrafilter (Bechhold, 1908). 

Suspensoids are precipitated by ions or suspensoids of oppo- 
site charge. The isoelectric point, the point at which the particles 
migrate neither to the cathode nor anode, is the point of com- 
plete precipitation. Only a small amount of the precipitant is 
necessary and if more is added the charge on the particles may 
be reversed and hold them in suspension. The precipitation 
follows the adsorption curve (Fig. 24). Hence, bivalent ions are 
more than twice and trivalent much more than three times as 
effective as monovalent ions, but this seems not to explain en- 
tirely the difference. Among ions of the same valence the less 
the electrolytic solution tension and the greater the ionic speed 
the greater is the precipitating power. Thus negative sols are 
more easily precipitated by H and heavy metal ions. Monovalent 
and bivalent ions may antagonize one another in precipitation. 

A precipitating electrolyte is more effective the faster it is 
added to the sol. The probable explanation is that when the 
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electrolyte is added suddenly some colloidal particles have their 
charges reversed and attract others, forming larger aggregates, 
which are more difficult to keep in suspension. If the electrolyte 
be added slowly, all of the particles have the same charge, which 
is not reduced enough to cause precipitation. Evidently the 
effect of increasing the valence of the ions is the same as the 
effect of adding them suddenly. 

Some precipitating electrolytes partially hydrolyze, forming 
colloidal solutions of opposite sign to the one to be precipitated. 
We therefore get mixed effects of electrolytic and colloidal pre- 
cipitation. Thus, a negative mastix solution is precipitated by 
ferric chloride and also by ferric hydroxide. If a more con- 
centrated solution of ferric chloride be added to the mastix 
we get precipitation by the ferric ions. If a very dilute solution 
of ferric chloride is added, colloidal ferric hydrate is formed by 
hydrolysis, but precipitation does not occur unless the sum of 
the charges on the hydrate exactly neutralizes the sum of the 
charges on the mastix. Hence the precipitating concentration 
is very exactly defined and varies with the concentration of the 
mastix sol. Since there are two concentrations of the precipi- 
tant that are effective this is called an irregular series. 

Low concentrations of non-electrolytes do not precipitate. 

The suspensoids are similar to suspensions in that they are 
precipitated by small amounts of electrolytes and the precipitate 
is irreversible. They do not affect the viscosity or surface ten- 
sion of water, or exert osmotic pressure. This is true of dilute 
sols, but when very concentrated they form gels, the viscosity 
of which is necessarily high. 

Trufc suspensoids are probably not important in cell chemistry, 
but emulsoids may be changed by heat or reagents so as to assume 
more or less the character of suspensoids. Emulsoids so treated 
are said to be denatured. Thus, if a very dilute solution of egg 
albumin is boiled it is converted into an opalescent solution in 
which the particles may be seen with the ultramicroscope, and 
irreversibly precipitated by electrolytes. The denatured albumin 
particles differ from true suspensoid particles in that they con- 
tain water, but not as much as emulsoid particles. Hydroxides 
(such as dialyzed iron) contain some water. 

Living cells may be so changed as to resemble the particles 
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of a suspension or suspensoid sol, although they are probably 
always killed in the process. The process of agglutination of 
bacteria consists of two stages : first, the transformation of the 
bacteria into suspensoid particles by treatment with specific 
agglutinins or by boiling ; second, the precipitation of these par- 
ticles by electrolytes. The precipitation of a suspensoid sol is 
always inaugurated by clumping of the particles. 

Cholesterin and uric acid may form suspensoid sols and gels. 
Cholesterin appears to form a true solution in the bile, however, 
and it cannot be detected within the red blood corpuscles by 
means of the ultramicroscope. 

Lecithin when rubbed up with water forms a sol which is 
intermediate between a suspensoid and an emulsoid. It re- 
sembles an emulsoid in that the particles contain water. It re- 
sembles a suspensoid in that the particles may be easily seen with 
the ultramicroscope. Within the red blood corpuscles, how- 
ever, the lecithin cannot be seen with the ultramicroscope and 
evidently forms part of the emulsoid gel, either due to the differ- 
ence in the medium or to the fact that it is chemically combined 
with one or more of the other substances present. 

Emulsoids 

« 

The emulsoids are called hydrophile colloids by Perrin because 
of their great affinity for water. They are the true colloids, 
or glue-like substances, according to Graham's definition, except 
for the fact that some of them may be crystallized with tnore 
or less difficulty. When a dry mass of colloid substance is placed 
in water it absorbs water and swells, with the evolution of heat, 
forming a gelatinous mass. It usually requires mechanical or 
other assistance, however, to get it into solution. The colloid 
particles in sols contain water and the water between them con- 
tains some dissolved colloid. It is probably for this reason that 
the particles do not appear distinct with the ultramicroscope. 
An absolutely pure solution of gelatine appears clear with the 
ultramicroscope except at certain concentrations and tempera- 
tures, and if some particles are seen in it they probably are im- 
purities. Under certain conditions, however, the particles lose 
some of their water and approach in character the suspensoids, 
becoming optically moVe distinct. Similarly, in an absolutely 
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pure gelatine jelly or gel, no structure can be seen with the ultra- 
microscope except at certain concentrations and temperatures, 
whereas in a suspensoid gel the arrangement of particles into 
chains and the chains into a network may be distinguished. Ac- 
cording to Zsigmondy (1912), y 2 per cent gelatine shows sub- 
microns on cooling, first mobile but becoming motionless during 
gelation. The evidence for a structure in a gel is the sudden in- 
crease in elasticity during gelation. A gel is not merely a very 
viscid sol, because agents that increase viscosity induce solation. 
Fibrin gel seems to be a mass of crystals (W. H. Howell, 1914). 

The emulsoids are probably to be regarded as true solutions, 
in which the molecules are very large and sometimes aggregated 
into masses that include more or less water. Some colloids prob- 
ably have a stronger tendency to aggregate than others. Hemo- 
globin seems to have little of this tendency when in not too 
concentrated a solution. Hufner and Gansser (1907) conclude 
that it is in true solution. If it be assumed that one molecule 
of hemoglobin contains one atom of Fe and binds one molecule 
of CO, its molecular weight is about 16700. Calculated from 
the osmotic pressure of pure solutions, the molecular weight of 
horse hemoglobin is 15115, and of ox hemoglobin 16321. Since 
one molecule of hemoglobin cannot contain less than one atom of 
iron, the molecules must be separated in solution in order to 
exert so high an osmotic pressure. 

Bechhold (1908) has attempted to estimate the size of the 
particles in emulsoid sols by forcing them through ultrafilters 
of different grades. These filters are made by impregnating 
filter paper with an emulsoid sol and hardening it. The size of 
the pores is determined by the concentration of the sol before 
being hardened. There are two difficulties with the method: 
first, the filter may adsorb the colloid, second, some water may 
be pressed out of the sol in the filter and increase its concentra- 
tion with enormous increase in viscosity until the flow is stopped. 
Notwithstanding these difficulties Bechhold has arranged emul- 
soids in the following series beginning with those with the largest 
particles : 
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Caseinogen (in milk) 
Gelatine (1 per cent) 
Hemoglobin (1 per cent) 
Serum albumin 
Protalbumoses 
Duteroalbumoses A 
Deuteroalbumoses B 
Dextrin 

Emulsoids enormously increase the viscosity of water. One per 
cent gelatine increases the viscosity of water 29 per cent. 

Emulsoids reduce the surface tension and are therefore ad- 
sorbed. They become denatured in the surface film to the extent 
that they no longer go into solution in some cases (haptogen 
membranes). In this way they may be precipitated by shaking 
the solutions. The surface films are submerged and distorted, 
forming stringy masses, while new surface films are formed. 
Emulsoids adsorbed by solids cannot be washed out with water 
because they have become insoluble. Emulsions of oil and water 
are permanent if colloids are present as the haptogen membranes 
formed about the oil drops prevent them from fusing. Soap 
acts in this way. Some colloid from milk glands forms haptogen 
membranes around the fat droplets, but it is said not to be casein- 
ogen. The plasma membrane on the surface of protoplasm is 
supposed to be of this nature although the colloids in its composi- 
tion have not been ascertained. Presumably, the colloids of the 
cell: proteids, lecithins, and cholesterin, enter into its composi- 
tion. 

Emulsoids are not precipitated by small amounts of electrolytes 
unless they have been denatured. They may be salted out by 
large amounts of neutral sajts in the same way that truly dis- 
solved substances, such as gases or alcohol, may be salted out 
of their aqueous solutions. The electric charge of the colloid 
is not entirely without significance in the salting out process, 
however, as will be seen in the anionic series. The order of 
effectiveness of anions in salting out soluble non-electrolytes is 
(beginning with the least effective): CNS, I <NO s <C1 
<CH 3 COO <S0 4 <Tartrate < Citrate (Hofmeister, 1891). 
The order of effectiveness with negative emulsoids is the same, 
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but the order is reversed in case of positive emulsoids. The 
order of effectiveness of cations in precipitating negative emul- 
soids is Li <Na <K <Rb <Cs, and with positive emulsoids 
the reverse. 

There is not much difference in the precipitating power of the 
ions of alkali metals, but the bivalent cations (except Mg) pre- 
cipitate emulsoids much more effectively than monovalent cat- 
ions, and trivalent cations more effectively than bivalent. The 
effectiveness of the heavy metals and sometimes Ca, Sr, Ba and 
H* in precipitating emulsoids lies partly in the fact that they 
denature the emulsoids, making them easier to precipitate. Such 
precipitates are irreversible, whereas the precipitations with neu- 
tral salts of the alkali series are reversible. 

Neutral salts reduce the osmotic pressure of emulsoid solu- 
tions, presumably by causing the particles to aggregate and form 
larger ones, thus reducing the number. The order of effective^ 
ness of the anions is the same as given above. 

Emulsoids are precipitated by some non-electrolytes, such as 
alcohol (see non-elect rolytes). 

Many of the emulsoids are proteids and are amphoteric. These 
are made electropositive by acid and negative by alkali. There 
is probably a chemical reaction of the nature: AlbOH-f-HCl= 
AlbCl+HOH, after which the acid albumin dissociates into 
Alb* and CI'; and AlbH+KOH=Alb-K+ HOH, after which 
the alkali albuminate dissociates into Alb' and K*. 

Small amounts of acid or alkali increase the osmotic pressure 
and viscosity, decreasing the surface tension of albumin solu- 
tions. This is probably due to the fact that the acid and alkali 
albuminates are more soluble or highly hydrated in the sense 
that the molecules are not aggregated and hence the "molecular 
concentration" is increased. The addition of larger amounts of 
acid increases the effect up to a certain limit, above which the 
albumin is denatured. 

Since the proteins are amphoteric they dissociate both H and 
OH ions, and are either positive or negative according to whether 
they dissociate more OH or more H ions. According to the 
law of mass action, the greater the concentration of the H ions ' 
in the solvent the less H ions will be dissociated, and the greater 
the concentration of OH ions (or the less the concentration of 
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H ions) in the solution the less will be the OH ion dissociation 
by the protein. Therefore, at a certain H ion concentration of 
the solvent the H* and OH' dissociation of the protein will be 
equal, and the protein will migrate neither to the cathode nor 
to the anode in an electric field. This is called the isoelectric 
point of the protein, at which the protein can be most easily 
precipitated (by alcohol, for instance). At this point the vis- 
cosity of the sol is at its minimum. 

The albumins, globulins and some other proteins are more 
acid than basic. The isoelectric points of some of the proteins 
as determined by Michaelis (1912) are as follows: 

Protein PH 

Serum albumin 4.7 

Serum globulin 5.4 

Casein 4.7 

Gliadin 9.3 

Edestin 7. 

Oxyhemoglobin 6.74 

Pancreasnucleoprotein (trypsin) 3.52 

From typhus bacilli 44 

From (paratyphus bacilli 4. 

The isoelectric point of sols is also the point of least hydration, 
viscosity and stability, and of greatest surface tension. The size 
of the colloid particles is probably largest at this point. 

In the precipitation of emulsoids as well as suspensoids, mono- 
valent and bivalent cations are antagonistic to one another. 

Emulsoids are precipitated by suspensoids, but if too much 
of the emulsoid is present for precipitation it forms coatings on 
the suspensoid particles and prevents their being precipitated 
by small amounts of electrolytes. In order to obtain complete 
precipitation, the suspensoid must be of opposite electric charge 
to the emulsoid. 

Emulsoids may precipitate one another even when of the same 
sign electrically. Thus nucleic acid precipitates other proteins 
and specific precipitins precipitate the precipitable substances, 
both being of the same sign (cf. Teague and Buxton, 1907). 
According to Michaelis, the ratio between precipitin and pre- 
cipitable substance in the precipitate is not constant, and is not 
therefore a chemical reaction, but most probably an adsorption 
phenomenon. 

The time element in colloid phenomena is Httle understood. A 
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less concentration of the precipitant is necessary if it be added 
suddenly than if added gradually. A less amount of antitoxin 
is necessary to render a toxin solution inert when added at once, 
than when added gradually. On the other hand, time is favor- 
able to the increase of viscosity. Gels become firmer with age 
and haptogen membranes likewise, even though perfectly pro- 
tected from evaporation. This phenomenon is known as hys- 
teresis or secondary change. 

The gels may be considered very viscous sols but the cause 
of the great viscosity probably lies in the supposed structure. 
The swelling of gels or gelatine plates may be made to produce 
a pressure which is thought, by some authors, to be analogous 
to the osmotic pressure of sols. The pressure is increased by 
acids and alkalis. The emulsoid gel may be converted into a sus- 
pensoid gel in the same way that an emulsoid sol is converted 
into a suspensoid sol by coagulative agents. Some sulphates and 
tartrates cause gelatine gels to shrink, bromides and nitrates 
causing them to swell (Hofmeister, 1888). According to Lenke 
(1916) these two groups differ in that with the first there is an 
optimum concentration for swelling and with the second the 
greater the concentration the greater the swelling. Their effect 
on gelation is the inverse of their effect on swelling, the series 
being: SCN <Br, NO s <C1 <CH 8 COO <Cit.<Tart. <S0 4 . 
Glycerine, dextrose and saccharose increase the viscosity of gela- 
tine and starch gels, and urea decreases it. The reverse is true 
of their effect on swelling. 

The ionic series which holds for negative emulsoids and is 
reversed for positive, becomes irregular as we near the isoelec- 
tric point. This explains the variations in the ionic series found 
in various physiological experiments since the emulsoids in living 
cells are near the isoelectric point. 

According to Pauli, anions increase swelling of gelatine gels 
and cations decrease it, the greater the atomic weight of the 
cation, the greater its effect. 

Traube (191 5) claims that the more a substance hastens sola- 
tion (solution of a gel), the more it favors the rate and amount 
of swelling, the more it hastens gelation, the more it disfavors 
the rate and amount of swelling. He finds that the stronger 
acids hasten gelation when very dilute (PH = isoelectric point) 
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and that there is a maximum retardation at about .02 n at which 
Fischer observed the maximum swelling, and Pauli and Wagner 
(1910) observed the maximum viscosity (of serum albumin in 
the last case). Traube claims that Ca** and K* hasten gelation 
|gr and Na* retards it and therefore Ca ## antagonizes Na\ He 

claims that anesthetics retard gelation (see Chapter XI). 

Chiari (1911) found the least swelling of gelatine to occur 
when the PH = 4.7, which corresponds closely to the isoelectric 
point, PH = 4.6 as determined by Michaelis. • No other investi- 
gator of the effect of acids and alkalis on emulsoids has deter- 
mined the PH. 



CHAPTER VII 

ENZYME ACTION 

Enzymes are classified according to their action, and not ac- 
cording to their constitution. Although Berzelius defined cata- 
lyzers as those substances which by their mere presence cause 
reactions to take place between other substances, many catalyzers 
are now known to take part in the reactions. Ostwald supposed 
that catalyzers accelerate the rate of only those reactions which 
go on at a slower rate in the absence of the catalyzer. It is true 
in certain cases, however, that the catalyzer may change the 
point of equilibrium of a reversible reaction. An example of 
this was observed by Bodenstein and Dietz (1906) in the re- 
versible decomposition and formation of amyl butyrate. In the 
presence of an excess of water and amyl alcohol, the same 
equilibrium point was reached whether the amyl butyrate or the 
amyl alcohol and butyric acid were present in the beginning. 
But if pancreas lipase were used as a catalyzer, 75 per cent of 
the ester was formed or left against 85 per cent of the ester 
when HC1 was used as a catalyzer. 

The chief distinction that is supposed to separate enzymes 
from other catalyzers is their specificity. This is perhaps over- 
rated, but is fairly well established in some cases. Amygdalin 
may be decomposed by means of emulsin into HCN, benzalde- 
hyde and dextrose. Emmerling (1901) showed that this took 
place in three stages, each of which was accelerated by a different 
enzyme, and that all three enzymes were present in emulsin. The 
reversal of the process could be brought about by applying the 
enzymes in a certain order to the separate stages. 

In case of stereoisomers or optically active isomeres, an 
enzyme may accelerate a reaction involving one isomere more 
than the other. If HCN and benzaldehyde are mixed in solution 
optically inactive benzaldehydecyanhydrin is formed, but if the 
reaction is accelerated by means of emulsin, d-benzaldehyde- 
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cyanhydrin is formed. E. Fischer (1898) observed that beta- 
methyl-d-glucoside is split by emulsin whereas alphamethyl-d- 
glucoside is not. 

This form of specificity is not peculiar to enzymes. According 
to Bredig and Fajans (i9°8) the splitting of camphocarbonic 
acid into camphor and C0 2 is accelerated by certain organic com- 
pounds. Natural nicotine decomposes d-camphocarbonic acid 
12 per cent faster than 1-isomere. Chinin decomposed the 
1-isomere 46 per cent faster than the d-isomere. 

The specificity just mentioned is quantitative and not qualita- 
tive, whereas the specificity of enzymes is supposed to be qualita- 
tive. It was shown by H. D. Dakin (1905), however, that the 
specificity of lipase for certain d-esters in preference to the 
isomeric 1-esters, is quantitative. 

More unexpected than the specificity of enzymes, is the change 
in specificity on reversing the reaction. A. Croft Hill (1898) 
succeeded in synthesizing a disaccharide from dextrose by means 
of maltase from yeast. Emmerling (1901) showed that this di- 
saccharide is not maltose, as was to be expected, but isomaltose. 
E. F. Armstrong (1903) continued this investigation and found 
that: 

whereas maltose is split into glucose by maltase 
glucose is synthesized to maltose by .emulsin, and 
whereas isomaltose is split into glucose by emulsin 
glucose is synthesized to isomaltose by maltase. 

The explanation of this anomaly is that the enzymes change 
the point of equilibrium of these reversible reactions. In a mix- 
ture of maltose and glucose, maltase displaces the equilibrium 
toward the side of the glucose, whereas emulsin displaces it 
toward the side of the maltose. If HC1 is used as a catalyzer, 
when equilibrium is established glucose, maltose and isomaltose 
are present in the same proportions, irrespective of the first used. 
If glucose only is present at the start, and maltase is used, very 
much more isomaltose than maltose is formed, but if emulsin is 
used, much more maltose than isomaltose. 

Since enzymes merely accelerate reactions that would take 
place without them and all reactions are theoretically reversible, 
the synthesis of complex bodies from their decomposition pro- 
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ducts might be expected with the aid of the same enzymes that 
affected the decomposition. Hill was the first to accomplish 
synthesis with enzymes, and obtained a different compound from 
the original. Kastle and Loevenhart (1900) succeeded in 
synthesizing a fat, ethyl-butyrate, from butyric acid and alcohol, 
by means of lipase of the pancreas. The attempts to synthesize 
proteins have not given such unequivocal results. Since the 
chemical constitution of proteins is unknown, it is not surprising 
that some difference of opinion should arise in the interpretation 
of changes occurring in mixtures of protein decomposition pro- 
ducts and protease. Some interpret the appearance of a precipi- 
tate as synthesized protein, others as coagulation of albumoses 
already present. Perhaps one difficulty in producing syntheses 
is that they are likely to be endothermic reactions, which absorb 
energy from without, as in case of the synthesis of carbohydrates 
in the chloroplast of the green plant under the influence of sun- 
light. The energy of the light is absorbed during the synthesis. 
In this process the C0 2 is reduced and hydrated with the forma- 
tion apparently of formaldehyde, which is synthesized into sugar 
and starch. 

As was previously stated, the important effect of a catalyzer 
is on the rate of a reaction. In case the concentration of the 
catalyzer remains constant, implying that if it enters into the 
reaction, a vanishing quantity of it is bound at any one time, 
the rate of the reaction may follow the law of mass action for 
a monomolecular reaction. 

dx 

= c (a — x) 

dt 

In which a — x is the concentration of the substance at any par- 
ticular moment, and c is the constant denoting the speed of re- 
action. This law holds true, for instance, for the hydrolysis of 
cane sugar by means of a fixed H ion concentration, since the 
concentration of the H 2 that enters into the reaction remains 
the same, and the only variable is the concentration of the cane 
sugar. If the concentration of the H ions is varied, the reaction 
constant, c, varies in the same ratio. 

One of the oldest theories of the mechanism of catalytic action 
is that the catalyzer enters into the reaction transforming it into 
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two stages, the sum of which takes less time than the uncatalyzed 
reaction. In this way is explained the action of nitrous oxide 
in the oxidation of sulphurous acid, and the action of sulphuric 
acid in the conversion of alcohol into ether. 

The catalyzer may change the course of the reaction, as in 
the observation of Slator (1903) on the chlorination of benzol, 
in which the CI may be substituted or simply added. Different 
catalyzers favor one or the other form of combination. This is 
illustrated in enzymes by the difference in the form of proteolysis 
produced by pepsin and by trypsin. 

In case of reactions in a heterogeneous system, of which a 
diphasic system is the simplest case, not only the rate of the 
chemical reaction but also the rate of diffusion may enter into 
the rate of transformation of the substance. 

In the first case, the second phase may be a better medium 
for the reaction than the first phase, and so act as a catalyzer. 
Bredig (1901) showed that methyl acetate dissolved in benzol is 
not saponified, even with the addition of triethylamine. If the 
mixture is shaken with 2.5 per cent water to form an emulsion, 
saponification takes place with great rapidity, because the water 
dissociates the triethylamine, and the resulting OH ions catalyze 
the saponification of the methyl acetate. The same principle seems 
to be involved in the catalysis of the union of hydrogen and 
oxygen by means of palladium or other noble metals. The 
palladium dissolves these gases, forming a so-called solid solu- 
tion. Hoitsema (1895) has shown that the amount of hydrogen 
dissolved by the palladium is proportional to the square root 
of the hydrogen pressure, and the hydrogen, therefore, does not 
exist in the metal as H 2 but as H. If this atomic hydrogen is 
more active than molecular hydrogen, the catalytic action of the 
palladium is explained. 

The second phase of a diphasic system may increase the rate 
of reaction by adsorption. Bayliss (1915 b) has shown that 
enzymes may act in a medium in which they are insoluble. We 
shall consider this aspect of the subject under the head of oxida- 
tion (Chapter XV). 

In case the rapidity of the chemical reaction in or on the 
second phase is very great, perhaps too great to measure, the 
rate of transformation is determined by the rate of diffusion 
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in the first phase toward the second. This seems to be the case 
with many reactions catalyzed by finely divided platinum and 
is supposed to be a factor in enzyme reactions, since enzymes 
seem to be of colloidal nature. 

Catalysis with colloidal solutions of precious metals resembles 
the action of enzymes in many ways. Both have a temperature 
optimum, that is, both are rendered inactive by boiling and even 
lower temperatures. According to Ernst (1901) the tempera- 
ture optimum for the oxidation of hydrogen under the influence of 
platinum sol lies between 65 ° and 85 °. Both are affected by 
the reaction of the medium. The decomposition of H 2 2 , either 
by platinum sol or by the enzyme, catalase, is favored by a slightly 
alkaline reaction. Both the catalase and oxidase action of 
enzymes or colloidal precious metals is suspended by HCN and 
returns when the HCN is removed, if just enough were used 
to stuspend action. The same is true of the action of H 2 S. On 
the sols of Ou and Fe, however, HCN increases catalytic activity, 
according to Kastle and Loevenhart (1903). Finally, Meyerhof 
(1914 b) has shown that the action of platinum sol on H 2 2 is 
reduced by the presence of anesthetics, in the same way that 
enzyme actions are reduced by anesthetics. The anesthetic forms 
a protective film on the platinum particles, due to adsorption. 

The importance of the reaction of the medium, that is, the 
H ion concentration, on the activity of enzymes has long been 
known. Michaelis (1914) attempts to explain this action by 
assuming the enzymes to be weak electrolytes, i. e., acids, bases 
or ampholytes, whose dissociation is affected by the H ions. 
At the optimal H ion concentration the activity of the enzyme 
solution is proportional to the concentration of the enzyme and 
all of the enzyme is in the active form. At any other H ion 
concentration some fraction of the enzyme is in an inactive form, 
and therefore the total activity is reduced. 

According to Sorensen (1909) and Michaelis and Davidsohn 
(1911) the optimal PH for the invertase of yeast is about 4.3. 
Above the optimum the activity of the enzyme decreases to zero 
at about 9, whereas below it the activity decreases (because the 
enzyme is destroyed?) so that little action is obtained below 3 
or 2, depending on the duration of the experiment. Michaelis 
interprets this as follows: The enzyme is an ampholyte with 
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the isoelectric point at the optimal H ion concentration. Hence, 
it is the undissociated molecules of the invertase that are active. 
Above the isoelectric point (alkaline side) the invertase disso- 
ciates as an acid, and the activity curve corresponds to the curve 
for the undissociated part of an acid. Below the isoelectric 
point (acid side) the invertase dissociates as a base, but the 
invertase cations are very unstable and soon become denatured, 
so that the activity of the enzyme is not restored by return to 
the isoelectric point. 

In the same way Michaelis concludes that trypsin and erepsin 
are acids whose anions are proteolytic. Whether the theory of 
Michaelis is right or wrong, the relation of the H ion concentra- 
tion to the activity of enzymes is no less important. The follow- 
ing table gives the optimal H ion concentration for the action 
of several enzymes (McClendon, 1916 b). 

Enzyme Optimum PH. 

Amylase, ptyalin 6.7 

Catalase of blood and liver 7 

Cellase 6. 

Glycolase of blood 7.52 

" (Invertase) 4.5 

Maltase (maltose) 6.6 (3 at 35°, 7.2 at 47 ) 

" (alphamethylglucoside 6.2 

Inulase 3. 

Lipase of stomach 6.7 

" " Ricinus 3. 

" " pancreas and blood 8 

Oxidase, laccase 7. 

Protease, erepsin 7.8 

" pepsin 1.5— 2 
" " or rennin 

(plastein 'formation) 1 

" trypsin (peptone) 7.7 

(gelatine) 0.7 

" bacterial 7.2 

" of malt 4.5 

" rennin 5.7 

Urease (comb, with urea) 8.7 

" (decomposition) 7. 

The optimum PH for enzyme action is of interest in connec- 
tion with the reaction of the parts of the alimentary tract, where 
the digestive enzymes act. 

The saliva is generally supposed to be alkaline, but according 
to Michaelis (1914) it has a PH of about 6.87, which is near 
the optimum for the action of ptyalin (6.7). 
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The optimum PH for pepsin is, according to Sorenseri (1909), 
1.5-2, and the results of Michaelis and Davidsohn fall between 
these limits. Sorensen observed considerable digestion at 
PH = 0.7 near the maximum acidity and PH = 5 near the mini- 
mum acidity. From curves showing the rise in acidity of the 
stomach measured with the hydrogen electrode (McClendon, 
191 5 e) it may be observed that the acidity becomes high enough 
for digestion to commence during the first hour and the optimum 
is reached by about the end of the second hour if at all. Men- 
ten (1915) found the PH of pure human gastric juice to vary 
from 0.92 to 1.58, corresponding to an average of .36 per cent 
HC1. Apparently the reaction of the stomach is determined by 
the amount of food in it and the rate of flow of the juice. The 
juice secreted into an empty stomach would have a very high 
acidity, but Boldyreff (1915) has shown that it is lowered by 
regurgitation of pancreatic juice. The PH in hyperacidity, from 
the figures given by Michaelis (1914), indicates not nearly so 
high an acidity as the pure gastric juice. It seems probable that 
hyperacidity is brought about by closure (spasm) of the pylorus, 
preventing removal or neutralization of the acid. 

The PH of the pure gastric juice of the infant is about 2.3 
(McClendon, 191 5 e), being nearly the optimum for the action 
of pepsin, which it contains, but the juice is apparently secreted 
so slowly that the PH is 5.3, while the stomach is full of milk, 
which is about the optimum for the action of rennin (pepsin?) 
in coagulating milk. 

The PH of the adult duodenum is about J.J or the optimum 
for the action of trypsin and erepsin on peptones. 

In the infant a very peculiar state of affairs exists. As the 
milk leaves the stomach the acidity rises until it equals that of 
the pure gastric juice about four hours after nursing. The neu- 
tralizing power of the pancreatic juice is very low, so that the 
duodenum has about the same reaction as the pylorus. The PH 
of the duodenal content is usually about 3.1 and pepsin is pres- 
ent, so that peptic digestion must take place in it. 

It has been shown by a number of observers that the rate of 
enzyme action does not always vary in direct ratio with the con- 
centration of the substance to be transformed, substrate, but that 
high concentrations of the substrate are relatively detrimental. 
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Many hypotheses have been made to account for this anomaly. 
An increase in the substrate concentration may increase the vis- 
cosity and therefore decrease the speed of diffusion. An in- 
crease in the beginning concentration of the substrate means 
an early accumulation of reaction end products which may be 
detrimental to the reaction, either by starting a reaction in the 
reverse direction or by combination with the enzyme. This 
hypothesis is supported by the fact that the splitting of cane 
sugar by invertase is retarded more by fructose than by glucose, 
and mannose or glycerine have about the same inhibiting activity 
as glucose. It has been supposed that the enzyme may become 
saturated with the substrate, based on the fact that in some 
cases the rate of reaction depends on the concentration of the 
enzyme more than on the concentration of the substrate. 

In some cases the products of the reaction activate the enzyme 
and hence the rate of reaction constantly increases. This type 
of reaction is called autocatalytic, but it is to be remembered 
that it does not catalyze itself in the sense of furnishing an 
enzyme, but increases the rate by activating an enzyme already 
present. Thus, alcoholic fermentation either with living or dead 
yeast increases with the accumulation of the end products up 
to a certain point. Hoyer (1907), in studying the saponification 
of castor oil during the autolysis of ground castor beans, ob- 
served that the reaction proceeded slowly until the H ion con- 
centration reached a certain point, when it suddenly increased. 
If the H ion concentration were increased at the start by the 
addition of acids, the splitting of the oil was rapid from the 
first. The higher fatty acids produced by the splitting of castor 
oil were probably not sufficiently soluble to produce the required 
PH alone, and were aided by C0 2 and lactic acid appearing in 
the mixture. But we may imagine the splitting of the ester of 
a lower fatty acid by the same enzyme, in which the fatty acid 
produced would cause the rate of reaction to increase. This 
might be called autocatalysis. According to M. Morse (1916) 
the autolysis of ground animal tissues is autocatalytic, since the 
rate of proteolysis is proportional to the PH which constantly 
increases during the reaction in a characteristic curve. Bradley 
and Taylor (1916) conclude that H ions act not on the enzyme 
but on the substrate, increasing the number (and consequently 
the total surface area) of the colloid particles. 



CHAPTER VIII 

PERMEABILITY OF CELLS 

It was- shown by Nageli, Pfeffer and de Vries that concen- 
trated solutions of neutral salts cause plant cells to shrink by 
extracting the water from them. The shrinkage, plasmolysis, 
of plant cells may be easily detected because, though the cell 
wall does not shrink, the shrinkage of the protoplasm separates 
it from the cell wall, leaving a space between the two. Solutions 
with equal plasmolytic power de Vries (1884) called isotonic 
solutions, and showed a relation between their percentage con- 
centrations and the molecular weights of the solutes. This was 
the foundation of van't HofTs theory of osmotic pressure. The 
discrepancies in the relation between the concentration of isotonic 
solutions and the molecular weight of the solutes was explained 
by Arrhenius on the assumption that electrolytic dissociation 
increases the number of particles in solution. In this way a 
method was developed of measuring the osmotic pressure of 
plant cells. The osmotic pressure of solutions that just fail to 
plasmolyze the cells is equal to the osmotic pressure of the cells. 
If animal cells are used, some method of determining the first 
decrease in volume must be used. When the cells are in large 
masses, changes in volume may be determined by weighing the 
masses. If the cells are free, as with blood corpuscles, their > 

volume may be determined by centrifuging them in graduated 
tubes (Hamburger, 1893). 

Some substances do not plasmolyze cells no matter how great 
the concentration, due to the fact that the cells are penpeable 
to the substances which consequently cannot exert any osmotic 
pressure on the cells. Others cause only a temporary plasmolysis 
because they slowly penetrate the cells. When the concentration 
becomes the same outside and inside they cease exerting osmotic 
pressure. 

The question arises as to whether the whole cell substance, 
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or only the surface, is impermeable to salts. The protoplasm 
of most plant cells forms only a thin surface layer, the primoidal 
utricle, the interior being filled with cell sap which is an aqueous 
solution of many substances. Young plant cells, and all animal 
cells, have only small or no vacuoles filled with cell sap, and 
Httle or no nuclear sap, whereas mammalian erythrocytes are 
entirely composed of a homogeneous gel. In the plant cell, at 
least, only the surface layer can be the impermeable portion, and 
Pfeflfer found evidence that not all of the primoidal utricle, but 
only the surface film, is impermeable. Hober showed that only 
the surface of erythrocytes is impermeable to ions. His methods 
are complicated, as will be seen from the following paragraphs. 




Fig. 25. Scheme for estimating the electric conductivity of cell in- 
teriors by the increase in capacity of a condenser into which the cells 
are introduced (from Hober, 1914). 



It was shown by G. N. Stewart that erythrocytes do not con- 
duct the electric current, and are therefore impermeable to ions, 
unless they are laked. Hober showed that ions move freely in 
the interior t>f the erythrocytes notwithstanding the fact that 
they cannot get in or out. This was first done by the "capacity 
method" (1910 a). The capacity of an electric condenser is in- 
creased if a conducting body is introduced into the dielectric 
between the two plates of the condenser, the increase being 
greater the greater the electric conductivity of the body. The 
apparatus consists of a primary coil (s, Fig. 25), through which 
high frequency electric oscillations are passed, such as are used 
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in wireless telegraphy. These oscillations induce similar ones 
in the secondary coil, S, which is connected at one end with the 
adjustable condenser, c, and at the other with the condenser, C, 
between the plates of which the material to be investigated is 
placed. The other plates of these condensers are connected, and 
the circuit bridged by an instrument, n, for detecting a current, 
according to the principle of the Wheatstone bridge. If the 
capacity of c does not equal that of C some current will flow 
through n. The plates of c are separated by such a distance that 
no current flows through n, which means that the capacities of 
c and C are equal. A test tube filled 5 with the erythrocytes is 
placed between the plates of C. If the capacity of C is thereby 
increased, the plates of c would have to be approximated in order 
that no current flow through «. In order to prevent error due 
to the conductivity of the fluid wetting the outside of the cor- 
puscles, they are washed repeatedly with isotonic sugar solution. 
By filling capsules corresponding in size to the corpuscles with 
solutions of different conductivity, and finding the conductivity 
of the solution which causes the same increase in the capacity 
of c as was caused by the blood corpuscles, the conductivity of 
the interior of the corpuscles may be determined. Hober did 
not make his capsules of conducting solutions as small as the 
blood corpuscles nor consider the question of size at all. He 
calculated that the conductivity of the interior of the corpuscles 
is between that of a .1 and a .01 normal KC1 solution. 




Fig. 26. Scheme for estimating the electric conductivity of cell in- 
teriors by the damping of the inductance of a coil in the core of which 
the cells are placed (from Hober, 1914). * 

Another method for measuring the internal conductivity is the 
damping method (Hober, 1915 b). In Fig. 26, Sis the secondary 
coil in which high frequency electric oscillations (io 7 a second) 
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are induced, B a coil around a beaker, c a condenser, and 
d a detector with which to observe any change in the oscillating 
current. If the beaker is filled with a conducting solution the 
oscillations are damped, as shown by the detector. If erythro- 
cytes are placed in the beaker the oscillations are damped as 
much as by 0.4 per cent NaCl solution. This remains the same if 
the plasma membranes are destroyed by saponin. Since the con- 
ductivity, as measured by the Kohlrausch method, is increased 
ten times by the destruction of the plasma membranes, they seem 
to be the chief cause of the low conductivity of the normal 
erythrocytes. 

A third method for measuring the internal conductivity of 
cells is the use of high frequency electric oscillations instead of 
induction coil currents, in the Kohlrausch method (Hober, 
I 9 I 3 k). When an alternating current is passed through a solu- 
tion, the cations move in one direction until the current changes, 
then move in the opposite direction, arriving at their original 
positions. The anions behave similarly. The distance traveled 
by an ion is proportional to the duration of one phase of the 
current, or inversely proportional to the frequency of the alterna- 
tions. The higher the frequency the less the distance traveled 
by an ion. When the frequency is ten million per second the 
distance traveled by an ion is insignificant. The plasma mem- 
branes stop very few ions directly, but stop or retard all of them 
by the electric polarization produced by the stoppage of a few 
ions. The less the distance that would be traveled by an ion, 
the less the polarization, hence the very slight polarization when 
high frequency oscillations are used. The conductivity measured 
by means of high frequency oscillations is therefore practically 
the same, whether the plasma membranes are present or absent. 
It should be noted, while this line of reasoning is in mind, that the 
conductivity of erythrocytes, measured by the Kohlrausch 
method, using an induction coil with rapid interrupter, is too 
high, and it is theoretically only with a direct current and non- 
polarizable electrodes that the true conductivity may be meas- 
ured. In actual practice the errors with the direct current are 
usually so great that the Kohlrausch method is to be preferred. 

By means of the damping method, Hober found the internal 
conductivity of frog's muscle that had been washed six hours in 
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isotonic sugar solution, to be equal to that of a 0.15 per cent NaCl 
solution, whereas the Kohlrausch conductivity = 0.03 per cent 
NaCl. It seems probable, therefore, that the chief impermeable 
layer of all cells is the plasma membrane, although other mem- 
branes, nuclear membranes and vacuole membranes, may also 
be impermeable to many substances. 

These experiments of Hober are selected because the cells are 
not injured in the least. If space permitted, a large number of 
experiments which go to show that the plasma membrane is the 
semipermeable part of the cell could be described. The word 
semipermeable was first used to describe permeability to water 
and to nothing else. This is never true of the plasma mem- 
brane, since it is always permeable to oxygen, for instance. The 
word is now used to denote limited permeability. It will be 
shown later that the plasma membranes of some cells are im- 
permeable to water. 

Before considering 'the permeability of cells to various sub- 
stances it is well to discuss the diffusion of substances in general, 
from one phase to another of a diphasic system in particular. 

According to Euler the diffusion of undissociated molecules 
through water is inversely proportional to the square root of 
the molecular weight, large molecules therefore diffusing more 
slowly than small ones. The speed of diffusion of ions is given 
on page 24. 

* giffusion is retarded by increase in the viscosity of a solution, 
hence the emulsoids, which enormously increase the viscosity, 
decrease diffusion. From this it also follows that those sub- 
stances that increase the viscosity of water diffuse slowly. 

The molecules of a substance in solution move, in all directions, 
the substance diffusing from regions of higher to regions of 
lower concentration. The rate of diffusion is proportional to 
the concentration gradient. 

In the diffusion of a substance from one phase into another, 
three processes are involved: first, the diffusion to the phase 
boundary; second, solution in the second phase; third, diffusion 
away from the phase boundary. 

Substances which lower the surface tension collect at the 
phase boundary, this step in the process being rapid in this case. 
This concentration in the surface film is due to two factors, 
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repulsion by the first phase, attraction by the second phase. 
According to I. Traube, substances which lower the surface 
tension of water do so because they have a low molecular at- 
traction for water molecules. Molecules which lower the sur- 
face tension of water are repelled by the water molecules and 
tend to collect at the surface of any other phase in the water. 
But the degree of this collection is also influenced by the at- 
traction of this second phase for the molecules in question. 
A substance will not diffuse into a second phase in excess of its 
solubility unless it is removed by combining with some other 
substance or changed as by dissociation or association. 

After a substance enters the second phase, if it lowers the 
surface tension of this phase it will tend to remain in the surface 
film rather than to diffuse into the interior. Its diffusion is also 
influenced by the viscosity of this second phase. 

Thus the rate of diffusion of a substance from one phase to 
another is determined by a number of factors. The process being 
reversible, these factors determine the partition at equilibrium. 

The partition of a solute between two phases may be deter- 
mined by shaking up the substance with equal volumes of the 
two phases, then determining the concentration of the substance 
in the two phases. A number representing the ratio of these 
two concentrations is called the partition coefficient. Berthelot 
and Jungfleisch (1872) have shown that the partition coefficient 
of a substance is not affected by the concentration of the sub- 
stance, provided it has the same molecular condition in the two 
phases. If, however, the molecular condition changes in one 
phase with the concentration, the partition coefficient changes 
with the concentration. For example: consider the partition 
of common salt between benzol and water. The partition of 
the undissociated molecules is the same at all concentrations, but 
salt is dissociated in water and not in benzol. This means that 
Na* and CI' are insoluble in benzol. If the salt is very concen- 
trated in the water there will be a large proportion of undisso- 
ciated molecules and some of these will pass into the benzol, but 
if the salt is very dilute all, practically, will be dissociated in the 
water and as the ions are insoluble in benzol all of them will 
remain in the water. Thus benzol, which dissolves only traces 
of salt, will take none from an aqueous solution at infinite 
dilution. 
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/ The plasma membrane is probably a separate phase, and if so, 
in considering the permeability of a cell we must consider the 
partition of the solute between the medium and the plasma mem- 
brane, as well as between the plasma membrane and the proto- 
plasm. In many cells the protoplasm consists of more than one 
phase. In the frog's qjg, four phases in the cytoplasm and two in 
the nucleus may be separated by means of the centrifuge (Mc- 
Clendon, 1910 a). The partition of a solute between these phases 
is therefore to be considered. Some solutes may be in a different 
molecular condition within the cell, or they may be precipitated 
or adsorbed to phase boundaries. All of these factors make the 
subject of cell permeability a very complex one, no general rules 
without exceptions having been found. All we can do at present 
is to collect data on the permeability of cells to various sub- 
stances. The most exact method is the determination of the 
partition of a substance between water, or some aqueous solu- 
tion, and the cell, but unfortunately very little of this data has 
been collected. When a substance is precipitated within a cell, 
a partition equilibrium may never be reached. If the substance 
in question is absolutely insoluble in the plasma membrane no 
diffusion can take place. If the plasma membrane changes with 
the physiological condition of the cell, substances may become 
imprisoned in a cell that becomes impermeable to them later. 
Furthermore, substances may be formed in cells by chemical 
reactions which will not penetrate cells from the exterior. 

Traube attempted to show the ease with which a substance 
penetrates a cell to be inversely proportional to its molecular 
attraction to water. Therefore, the more a substance lowers 
the surface tension of water the more easily it penetrates cells. 
As was stated above, this is only one of the factors involved. 
It has been found that substances which very greatly lower the 
surface tension of water do penetrate cells, but there is not 
always a constant ratio between the surface tension lowering and 
the penetration. This same idea championed by Batelli was at- 
tacked by Fluzin, who claims that the attraction of the mem- 
brane for the solvent is also important. The idea that degree 
of hydration on the two sides of the membrane influences osmose 
is also held by H. N. Morse. 
Overton supposed plasma membranes to be composed of what 
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he called lipoids. These are cholesterin, lecithin and some other 
substances that may be extracted from cells with alcohol, and 
are soluble in ether. Cholesterin is a polyhydric alcohol, crystal- 
lizing in waxy plates. Lecithin is a glyceride in which one hydro- 
gen is substituted by phosphoric acid and the other two by fatty 
acids, one hydrogen of the phosphoric acid being substituted by 
choline. Lecithine is a waxy substance which swells in water 
and alters its power of dissolving other substances, finally pass- 
ing into a colloidal solution. In order to obtain the lipoids in 
a dry, fluid condition, Overton and others dissolved them in 
benzol, xylol, toluol, chloroform or oil of turpentine. Many 
substances which dissolve in one of these mixtures easily also 
penetrate cells easily, but exceptions are found. The partition 
coefficients were usually not determined, and a reliable quantita- 
tive method of estimating permeability was not always used. 
> The composition of the plasma membrane remains a mystery. 
It seems logical to assume that its building stones are selected 
from the chief constituents of cells, proteins, fats, lecithin, cho- 
lesterin, and .carbohydrates. It is a very unstable structure as 
will be shown later. 

Some attempts have been made to find or construct membranes 
with the same properties as the plasma membrane. Pascucci 
(1907) impregnated silk with lecithin and cholesterin and found 
this membrane to show some of the properties of the plasma 
membrane of the erythrocytes. It was shown by A. Brown 
(1909) that the covering of the barley grain has the same perme- 
ability as some cells, but he has not proved that this property is 
due to the cellulose it contains or to any known substance. Beut- 
ner claims to have made membranes with some of the properties 
of the plasma membrane. These will be described in a later 
chapter. Traube's membranes are easily permeable to acids and 
bases; halides and nitrates of alkalis, many amines, urea and 
H 2 O a . They are poorly permeable to sulphates, phosphates, 
carbonates and all salts of alkaline earths and heavy metals, salts 
of many organic acids, four substituted derivatives of NH 8 , gly- 
cerine, basic and many acid dyes, but impermeable to sugars. 

Overton (1899) studied the permeability of plant cells by 
means of the plasmolytic method, and arranged substances in 
groups according to their penetration power as follows: 
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i) Those substances which penetrate slowest are neutral salts 
of strong acids and alkalis or alkaline earths, many neutral salts 
of organic acids or bases, especially acids with short carbon 
chains, amino acids, and hexoses. 

2) Erythrite (4-hydric alcohol). 

3) Glycerine (trihydric alcohol), urea and thio-urea. 

4) Dihydric alcohols and amides of monovalent acids. 

5) Those which penetrate fastest are monohydric alcohols, 
aldehydes, ketones, aldoximes, ketoximes, and mono, di and tri 
halogen hydrocarbons, nitriles, nitroalkyles, neutral esters of in- 
organic and organic acids, and many organic acids and bases, 
and ammonia, CO a and the elementary gases. Also free alkaloid 
bases and some basic dyes. 

Increasing numbers of hydroxyl groups decrease the pene- 
trating power, and the same effect results from increasing the 
number of NH 2 groups. Halogen substitution increases the pene- 
trating power. The alkyl or acetyl substitution of the OH or 
NH 2 groups increases the penetrating power. 

As a rule the basic dyes penetrate easily, and the 'sulphonic 
acid dyes less easily, but there are exceptions. If the cell is 
placed in a dilute solution of the dye' the minute size of the cell 
makes it hard to distinguish whether the dye has penetrated or 
not, since the microscope does not concentrate the color. If the 
cell is placed in a concentrated solution of the dye and then re- 
turned to a colorless medium for observation, the dye that has 
penetrated may come out again before it can be observed. Many 
of the basic dyes are precipitated by tannin in the cells so that 
they may be observed, or they may stain granules or gels. Some , 
dyes that do not at first become more concentrated in the cells 
than in the medium, become more and more coarsely colloidal 
within the cells, which constantly absorb more dye in true solu- 
tion, until they are stained sufficiently to be observed. It is best, 
in this case, to place the cut stem of the plant in the dye and 
allow it to remain several days before observation. 

Overton's work has not all been confirmed. Janse states that 
KN0 8 penetrates Spirogyra rapidly. Osterhout (1909) claims 
that calcium and other salts penetrate plant cells at a fair rate. 
He supposes that Overton may have failed to observe his experi- 
ments continuously. 
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It is well known that plants concentrate some of the salts of 
the water that bathes their roots. This is not entirely due to 
the evaporation of the water from the leaves, since the same 
is true of water plants. The ash of the kelp, Nereocystis, of the 
Pacific coast may contain 67.5 per cent KC1. The KC1 in the kelp 
juice is 0.38 a and in sea water 0.01 n. The ash of Iridaea 
edulis contains 2342 per cent K=45 per- cent KC1. According 
ot Stoklasa, however, the ash of Azobacter is almost pure K salts 
(laragely phosphates). The mechanism by which the potassium 
is selectively absorbed is unknown. According to Meigs and 
Atwood (1916) if muscle is placed in pure KC1 solution it ab- 
sorbs the KC1 faster than the water. 

It is certainly true that some neutral salts penetrate some plant 
cells with exceeding slowness. It was observed by chemical 
analysis that several grams of yeast absorbed not more than 
two milligrams of MgCl 2 from a molecular solution in five hours 
(McOlendon, 1912 d). Furthermore, Paine (1912 a) used chem- 
ical methods and found that yeast absorbs very little if any from 
more dilute solutions, of neutral mineral salts, whereas it ab- 
sorbs alcohol rapidly. The partition of ethyl alcohol between 
yeast and water is 0.85 to 1. 

The permeability to injurious substances will be considered 
under changes in permeability. 

The permeability of animal cells is very similar to that of 
plants. Overton (1902 a) studied the permeability of frog's 
muscle, concluding that it is essentially the same as that of plants. 
The relation of muscle to salts is of special interest. Muscle 
and blood cells store potassium and it is supposed that if they 
are permeable to salts the potassium will come out and sodium 
go in, until equilibrium with the blood plasma is reached. Over- 
ton claims that neutral salts that do not injure muscle do not 
penetrate it to any extent. When placed in an isotonic solution 
of a non-toxic potassium salt, such as the tartrate, the weight 
of the muscle did not change in fifty hours, but when placed in 
a toxic isotonic solution, such, as KG, the muscle soon began to 
swell and died, so that it did not regain its original weight if 
returned to Ringer's solution. Meigs and Atwood (1916) and 
Siebeck (191 3) claim that muscle is permeable to K, but Urano 
(1908 c) and Fahr (1909) were unable to wash out the potas- 
sium from muscle with isotonic sugar solution. 
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The permeability of erythrocytes seems to be similar to that 
of plant cells according to the researches of Grijns (1896), 
Hedin (1898) and others. Urea, however, seems to form an 
exceptional solute to which the corpuscles are permeable. Ham- 
burger (1916 b) claims that the erythrocytes are permeable to 
anions and to Na* and K*. 

According to Rona and Michaelis (1909 b) the erythrocytes 
of dogs and men are permeable to dextrose, judging from the 
partition of dextrose between corpuscles and plasma (which was 
not constant, however). On the contrary Kozawa (1914 b) 
found the erythrocytes of swine, goat, sheep, horse, ox, cat, rab- 
bit and guinea pig very poorly permeable to pentoses, pentites, 
hexoses, hexites, methylated sugar, disaccharides, amino acids 
and salts of organic and inorganic acids, and the erythrocytes 
of men, apes and dogs, the same to all except monosaccharides. 

The permeability of other animal cells seems to be similar to 
that of erythrocytes except in the case of certain cells of the 
kidney, gut, connective tissue and smooth muscle, which are 
more permeable. According to Meigs (1912 c) smooth muscle 
cells have no plasma membranes. The composition of other cells 
in regard to salts is similar to that of the erythrocytes, the Na~ 
content of all the cells is less than that of the blood plasma. 
Whereas the K content of the blood plasma is about .026 per cent, 
that of the heart is .161, liver .1718, kidney .1643, spleen .1691, 
brain .245, lung .0836, muscle .3, and that of erythrocytes .5 
per cent. 

The convoluted tubule cells of the kidney are permeable to 
many dyes that do not stain other cells. According to Siebeck 
(1912) they are more permeable to KC1 than to other salts. 

As is well known, phagocytes can take up solid objects, and 
might include some fluid containing dissolved substances along 
with them. The "pyrrol" cells of the connective tissue are con- 
sidered by Evans and Schuleman (1914) to take up colloidal 
dyes "phagocytically" but just what is meant is not dear. The 
Kupfer cells of the liver also take up these dyes, and J. Voigt 
(1914) claims that they take up colloidal silver. The reticulum 
cells of the spleen and interstitial cells of the testicle behave 
similarly toward these dyes. 

The eggs of some marine (Fundulus), migratory (smelt) and 
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fresh water fish (pike, muskalonge) are impermeable to salts 
and also to water. If Fundulus eggs are taken from the mother 
or from the sea water in which they are laid, they neither swell 
nor lose their salts. The fish that develop from these eggs are 
permeable to water, but there is evidence to indicate that except 
for the gut and kidneys they are impermeable to salts (Sumner, 
1905 and 1907, and G. G. Scott, 191 3, a and b). 
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CHAPTER IX 

CHANGES IN PERMEABILITY OF PLANT CELLS 

That the permeability of a cell may change has long been 
known. Nageli (1855) observed that when plant cells died 
chlorophyll and other substances diffused out of them. Pfeffer 
("Pflanzenphysiologie") explained the movements of plants as 
due to changes in permeability. It had been shown by Pf effer and 
de Vries that the osmotic pressure of many plant cells is very 
high — when the cells are placed in water, that they do not burst 
is due to the strength of the cell wall. If water is accessible the 
plants are firm and elastic as a rubber tube when it is filled with 
water under pressure. If the water is removed from them by 
evaporation or by immersion in a concentrated salt solution they 
wilt and contract. The same is true if the permeability of 
the cells is increased, as by killing the plant by immersion in 
hot water or in some toxic solution or gas. But changes in 
permeability may occur without death of the plant. Such 
changes follow some external change which we call a stimulus. 
Plants which respond in this way to stimuli are called sensitive 
plants. The leaves of Mimosa pudica, and many Leguminoceae 
and Oxalaceae close after being touched. The stamen hairs of 
Cynara (French artichoke), Centaurea, Berberis and Helianthe- 
mum shorten after an insect walks over them. 

Pfeffer observed the shortening of these stamen hairs under 
the microscope. A fluid exuded from the Cells into the inter- 
cellular spaces, due to increased permeability of the cells to the 
osmotic substances which held the water in them. The cell walls 
had been stretched by an osmotic pressure of about three atmos- 
pheres. When this was released the cells decreased in volume 
and the hair consequently decreased in length. The cells in such 
cases are not dead because they gradually absorb water and swell 
(regain their turgor) and the hair lengthens. The osmotic sub- 
£1&nces that were lost when the permeability increased cannot 
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be used to do the work of restoring the turgor, but new osmotic 
substances must be produced by the cell. According to van 
Rysselberghe (1899) some plant cells may increase their osmotic 
pressure by transforming starch into oxalic acid, but his evidence 
for this is probably slight. 

Pfeffer extended these observations to the pulvinus of the 
sensitive plant leaf. His observations have been confirmed re- 
cently by Lepeschkin (1908), who showed that the osmotic 
pressure of these cells was decreased when they were stimulated 
and that not only water, but also dissolved substances, diffused 
out of them. Waller (1904) showed that increased electrical 
conductivity followed stimulation. 

The cells of the sensitive plants are not alone in their changes 
in permeability. Lepeschkin (1908) and Trondle (1910) found 
that light increases the permeability of plant cells to salts and 
in a lesser degree to dextrose. Fluri (1909) observed that the 
salts of aluminum, yttrium and lanthanum increased the perme- 
ability of plant cells to salts and to sugars. After washing out 
the reagent the cells returned to their normal condition. If 
Spirogyra were treated with one of these salts, the tannin dif- 
fused out of it so that if it were placed in a solution of chinin, 
no precipitate of this alkaloid and the tannin was formed inside 
the cells. Fluri interprets these results differently, however, 
owing to the fact that the viscosity of the protoplasm is increased 
so that the chromatophores cannot be precipitated with the 
centrifuge. 

De Vries showed that nitric acid increases the permeability 
of Tradescantia cells to KNO s . In experiments with acids it is 
necessary to distinguish three conditions: First, the cells may 
be permeable to the acid, as in case of fatty acids. Second, the 
permeability of the cell may be reversibly changed by the acid, 
as in case of mild treatment with fatty acids. Third, the cell 
may be killed by the acid and its permeability irreversibly in- 
creased, as in case of the mineral acids. In this experiment of 
de Vries the- cells were probably killed by the acid. 

It was shown by Pfeffer that the anthocyan in plant cells may 
be used as an indicator to show the penetration of acid. The 
penetration of acid into the cells of the red beet, red cabbage 
and red nectar glands of Vicia faba has been observed (Mc- 
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Clendon, 1912 d). The mineral acids penetrate, but the fatty 
acids more quickly. It is probable that both of these acids in- 
crease the permeability. 

The same caution should be observed in considering the 
permeability of cells to bases. E. N. Harvey (1911) stained 
Elodea leaves with the indicator, neutral red, and studied the 
penetration of bases. Ammonia and the amines penetrated more 
quickly than the alkalis. All of these bases probably increased 
the permeability. 

In the experiments of Czapek (1910) the cells were evidently 
killed and the permeability irreversibly increased. Czapek de- 
termined the exit of tannin from Echeveria leaves by the failure 
of alkaloids to cause a precipitate within the cells. Monovalent 
alcohols and ketones, ether, urethane, di and tri acetin, sodium 
oleate, oleic acid, lecithin and cholesterin increased the perme- 
ability of the cells to tannin, when the surface tension of their 
solutions in water sank to about 0.68. Mineral acids increased 
the permeability when the concentration just exceeded 1/6400 
normal, the same- concentration at which Kahlenberg and True 
(1896) had found the growth of Lupinus to be stopped. Their 
action is evidently due to the H ions. 

The experiments of Osterhout (1911) are especially valuable 
because he was careful that the cells were not killed. He found 
that the permeability of Spirogyra is increased by pure solutions 
of NaCl and that this action is inhibited by the addition of 
OaCl 2 . A solution of NaCl may be hypertonic and yet fail to 
plasmolyze the cells because it penetrates, but if a little CaCl 2 
solution be added, plasmolysis occurs even though the osmotic 
pressure of the salt solution is slightly reduced. 

The electric conductivity method was used to determine perme- 
ability of animal cells by several investigators (G. N. Stewart, 
1897, McClendon, 1910 c). Osterhout (1912 a) extended this 
method to seaweed, finding that the conductivity of leaves of 
Laminaria (kelp) is increased by immersing them in NaCl, and 
decreased by immersing them in CaCl 2 solutions in a reversible 
manner. He claims that the size of the cells was not changed 
by the solutions and since the conductivity of the solutions was 
the same as that of sea water, the result is not due to a change 
in the conduction in the intercellular substance. He concludes, 
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therefore, that Na increases, and Ca decreases, the permeability 
of the cells to ions. The intercellular substance in this and many 
other seaweeds is of large volume in comparison to the volume 
of the cells. The ash of Laminaria digitata is 22.4 per cent K 
and 24 per cent Na. It seems certain that this amount of Na 
might be contained in the sea water in the intercellular substance 
and hence the cells be free from it. Evidently the cells store K 
but the mechanism of this storage is unknown. 

Osterhout (1915 b) observed that salts of La, Ce, Y, Fe, Al 
and Th first decrease and then increase the conductivity of 
Laminaria. 

The experiments of Osterhout suggest an explanation of the 
function of salts in relation to plants. It was shown by Nageli, 
Pasteur, Raulin (1870) and others that plants require certain 
salts that apparently do not enter into the composition of carbo- 
hydrates, proteins, or fats. Loew showed that these salts are 
protective rather than nutritive. Thus, he found that either Ca 
or Mg in excess is toxic, but that these two poisons antagonize 
the toxicity of one another. The experiments of Osterhout indi- 
cate that they preserve the normal permeability of the plant cells 
by their contact with the plasma membrane. To speak more 
generally, we may say that their presence outside and inside the 
cells affects the aggregation state of the colloids, and that they 
affect the plasma membrane, which is probably colloidal. 

Potassium is stored in many plants and probably all of it is 
needed, while on the contrary, the calcium that is stored in plants 
in the form of insoluble salts seems to be a waste product. 
Sodium is needed by some marine plants (Osterhout, 1912 b). 
The carbonates, nitrates, phosphates and sulphates are decom- 
posed by the plant in obtaining the carbon, nitrogen, phosphorus 
and sulphur for the manufacture of proteids and are in this 
capacity nutritive, but the chlorides are protective. The car- 
bonates and phosphates also serve to preserve the hydrogen ion 
concentration. Before the leaves fall in the autumn the potas- 
sium is absorbed back into the tree, but the calcium is allowed 
to remain in the leaf. 



CHAPTER X 

NEGATIVE OSMOSE AND THE POLARIZATION OF 
MEMBRANES IN RELATION TO THE BIO- 
ELECTRIC PHENOMENA, STIMULATION, 
ABSORPTION AND SECRETION 

Owing to the wide hiatus yet remaining in our knowledge of 
this subject, we need especially to guard against definitive state- 
ments. It seems best to attempt to explain the unknown in 
terms of the known, or at least to admit the possibility that the 
unknown is similar to the known and the invisible of the same 
structure as the visible. 

Of the various conceptions of osmotic membranes, two seem 
to stand out prominently. The first is that the membrane is a 
molecule sieve. The fact that the osmotic properties of porcelain 
membranes increase as the pores become finer, tends to support 
this view. On this hypothesis, the electric phenomena associated 
with membranes become capillary electric phenomena. The sec- 
ond conception is that an osmotic membrane is a separate phase 
that will dissolve some of the constituents of the fluids bathing 
it. The electric phenomena associated with such membranes are 
called phase boundary forces by Nernst and Riesenfeld. Since 
there must be spaces between the molecules of the membrane, 
this phase becomes a sieve and the difference between the two 
conceptions seems to be more quantitative than qualitative. It 
may be asserted that from the first viewpoint we are concerned 
with the size of pores and molecules, and with adsorption and 
contact electricity, whereas from the second viewpoint we are 
concerned with solution, partition coefficient, association and 
dissociation. But owing to the state of our knowledge of the 
forces concerned in these phenomena, it is difficult to compare 
them. Presumably all forces are electric. The dielectric con- 
stant of the phase membrane determines its ionizing power and 
hence its permeability to ions, but the dielectric constant of the 
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sieve membrane determines its electric charge, and h^nce its 
permeability to ions. 

If we try to classify membranes according to their permeabil- 
ity, the boundary between sieves and phase membranes seems 
to break down. Bigelow and Bartell (1909) showed that the 
permeability and osmotic properties of porcelain membranes de- 
pend on the size of the pores. Whereas the pores in these mem- 
branes can be seen, those in gelatine* or collodion membranes are 
invisible. Bechhold (1907) showed, however, that the permeabil- 
ity of collodion or gelatine gels varies directly with the water 
content, and with high water content large particles could pass 
through them by filtration. Thus it seems that these emulsoid 
gels have pores, a fact that may be detected in suspensoid gels 
with the ultramicroscope. Rubber is also a colloid, at least 
under certain conditions, although a rubber membrane has been 
regarded as a continuous phase. Prof. Ira H. Derby tells me 
that the rate of flow of liquids into a rubber membrane is mathe- 
matically the same as the rate of flow into capillary spaces exist- 
ing in small spherical aggregates, indicating that the liquid passes 
through capillary spaces in the rubber. This is not only true of 
native rubber, in which traces of the emulsion structure might 
supposedly be left, but also of dental rubber, in which the spaces 
between the original droplets have probably been obliterated by 
the process of manufacture. 

Negative Osmose 

It has long been known that absorption by the gut and secre- 
tion by the kidney may take place against osmotic pressure and 
concentration gradient, and many attempts- have been made to 
rob these phenomena of their peculiarly "vital" attributes. Ham- 
burger (1908) claims that membranes of different composition 
on the two faces show irreciprocal permeability to water and 
solutes. 

These experiments by Hamburger (which have apparently 
been discontinued) may be concerned with the phenomenon of 
negative osmose observed by Dutrochet, Graham, Girard, Bern- 
stein and Bartell. According to Flusin (1908 a and b) the nega- 
tive osmose is due to the fact that the swelling of the membrane 
is greater on one side than on the other. 
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The experiments of Bartell (1914) are more illuminating, 
since he used porcelain membranes that could be studied in a 
more exact manner. He had already observed that porcelain 
with large pores shows no osmotic effects and that the semi- 
permeability varies inversely with the size of the pores, seem- 
ingly directly with the molecular weight of the solute. The 
membranes showing negative osmose are very leaky membranes 
with pore diameters of about 0.2 microns. No osmotic effects 
were observed with MgCl 2 solutions if the pore diameters ex- 
ceeded 0.4 microns, negative osmose occurring with pore diame- 
ters from 0.4 to 0.1 microns and positive osmose with pores less 
than 0.1 micron in diameter. The fact that the same membrane 
showed positive osmose with KC1 and negative osmose with LiCl 
indicated a relation of ions to osmose, which will be considered 
in the next section. 

Electric Polarisation of Membranes and Its Relation' to Osmose 

The electromotive force (emf) of a concentration cell is due 
to the diffusion of ions, but since ions of the same kind diffuse 
in all directions in water, at equal rates, one or two other con- 
ditions must also be present. There must either be a membrane 
that alters the diffusion rate in one direction or there must be 
an unequal distribution of other ions. Although the molecules 
of one non-electrolyte may not affect the diffusion of another, 
ions exert forces on one another through their electric charges. 
Take, for example, the forced diffusion of ions in a potential 
gradient. If an electric current is passed through a dilute solu- 
tion of HC1, the H ions will carry most of the current because 
they move nearly five times as fast as the CI ions. Now atfd KC1 
until its concentration is twenty-five times as great as the HC1. 
The K ions move with the same speed as the Q ions, hence they 
would carry only five times as much current as the H ions al- 
though twenty-five times as numerous. In a pure HC1 solution 
the H ions carry % of the current, whereas in the mixture they 
carry less than 0.1, moving less than 0.1 as fast as in the pure 
solution. In this way the addition of KC1 reduces the diffusion 
potential that would be produced at the boundary between solu- 
tions of HC1 of different concentrations, the more KC1 present 
at the boundary, the greater the reduction. To take a simple 
case, consider the following concentration cell: 
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Calomel electrode| . 1 normal KC1| . 1 n HCl|n HCl|n KCljcal. elec- 
trode. 

The diffusion potential between the two acid solutions may be 
calculated from Nernst's formula (in millivolts at 25 ) : 

u— v c a 3i8~^5 t 
emf = 59 log = 59 log 10 = +39 mv on 

u+v d 318+65 

the left. The two diffusion potentials between HC1 and KC1 may 

Ui+v a 

be calculated by Planck's formula: emf = 59 log and 

U2+V1 

318+65 
for the first one is 59 log = 59 log 3.2 = +29 mv on 

65+65 
the left, and is neutralized by the second which is +29 mv on 
the right. Hence the total emf is +39 mv on the left, but would 
be less if the two KC1 solutions were of the same concentration. 
In this concentration cell, the emf is due to the difference in 
speeds of H* and CI'. If we increase this difference by inter- 
posing between the two HC1 solutions a membrane permeable 
to H # but impermeable to CI' the emf will be increased to 59 mv, 
or if the membrane is permeable to CI' and impermeable to H* 
the emf will be reversed in direction but still be 59 mv. In 
studying the effect of a membrane on the relative speeds of the 
two ions of an electrolyte, the use of KC1 is most convenient 
wherever possible, since the two ions move at the same rate, and 
danger of unbalanced diffusion potentials at the two ends of the 
series is eliminated. 

The effect of porcelain membranes on the emf of concentra- 
tion cells was studied by Bartell and Hocker (1916). Bartell 
had observed that negative osmose only occurred if the speed 
of the anion in free diffusion were greater than the cation, and 
Hocker found that in negative osmose the speed of the anion 
through the membrane is greater than the cation. Since the 
dilute side receives the charge of the diffusing ions, the dilute 
side is negative in negative osmose and positive in positive 
osmosis. The porcelain itself is charged negatively except in 
relatively more concentrated solutions of acids, or the salts of 
certain polyvalent or heavy or rare metals, which neutralize or 
reverse the charge and consequently alter the osmose. Appar- 
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ently zinc ions cannot reverse the charge of the porcelain. The 
author observed that if a concentrated solution of zinc sulphate 
were placed on each side of a porcelain membrane (kindly loaned 
by Dr. Bartell) and an electric current passed, water was drawn 
through the membrane to the cathode by electroendosmose. This 
showed that the water was charged positively, and the water on 
passing through capillary spaces always takes the opposite charge 
to the charge of the walls. 
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Fig. 27. Scheme showing the mode of diflFusion of anions through a 
large pore in a negatively charged membrane, thus causing negative os- 
mose by electroendosmose. 



Bartell and Hocker explain negative osmose as electroendos- 
mose. Since the dilute- side becomes charged negatively, it pulls 
the positively charged water through the membrane, causing the 
flow to be toward the dilute side. 

In Fig. 27 is represented a negatively charged membrane with 
a large pore. If the pore were small a negative ion could not 
enter it since it would be repelled by the negative charge of the 
walls. If cations pass through small pores they tend to make 
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the dilute side positive and hence favor positive osmosis by 
electroendosmose, hence a membrane containing only such pores 
would show only positive osmosis. Anions can diffuse through 
the large pore, however, and since they diffuse faster than cations 
in case of those salts effecting negative osmose, they give the 
dilute side a, negative charge. The water, therefore, that is 
charged positively (near the walls of the large pore) is pulled 
through toward the dilute side. We have, then, in favor of 
negative osmose, the electroendosmose and the water carried by 
the electrolyte that diffuses toward the dilute side; whereas, 
against negative osmose, we have the osmotic pressure of the 
more concentrated solution exerted rather ineffectively against 
a leaky membrane. It may be added that the explanation given 
by Freundlich (1916) seems at least unnecessary. 

It was further observed by Hocker that not only the magni- 
tude but also the direction of osmose is affected by changes in 
concentration of the electrolyte. Negative osmose did not occur 
with solutions more dilute than n/50. Perhaps at this dilution 
the size of the negative ions is so increased by hydration as to 
prevent them from passing through the pores. It would be in- 
teresting to know whether more dilute solutions show negative 
osmose with membranes having slightly larger pores. 

The experiments of Bethe (1911) and Bethe and Toropoff 
(1914) may be interpreted as indicating that the charge in the 
water half of the electric double layer over the porcelain is due, 
in part at least, to H ions. They found that when an electric 
current of more than one volt is passed from non-polarizable elec- 
trodes through a Na 2 S0 4 solution, divided by a diaphragm of 
gelatine, jelly, collodion, agar-agar, albumin, bladder, gold beaters 
skin parchment, carbon or clay, the anode side becomes alkaline 
and the cathode side acid, whereas water passes toward the 
cathode. Thus water and hydrogen ions pass in the same direc- 
tion. The water therefore that is charged positively contains 
an excess of H ions, which must give it at least part of its posi- 
tive charge. The side of the membrane toward the anode is 
alkaline on account of the removal of hydrogen ions. It is im- 
possible for the massing of anions against a non-metallic mem- 
brane to cause an acid reaction, since there is no means of rob- 
bing them of their charges. 
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Bethe and Toropoff found that polyvalent cations tend to 
reverse the charge of the membrane and, hence, the direction 
of electroendosmose and disturbance of neutrality, whereas poly- 
valent anions tend to maintain it. The effectiveness of anions 
in causing cathodic acidity is as follows: citrate'" > phos- 
phate'^ oxalate"> SO/'> I'> Br'> Cl'> NO/. The ef- 
fectiveness of the cations in reversing the charge of the membrane 
and disturbance of neutrality is as follows: Co(NH 8 ) e ' : *> 
La:> Ca : > Ba> Mgr"> Na> Cs> Kr> Lr> NH 4 *\ 

The experiments of Bethe on living cells (1916) are, however, 
open to another interpretation. It was shown (McClendon, 
1914 d) that the anthocyan (or other pigment) in many plant 
cells is amphoteric. In acid it is red and goes to the cathode, 
whereas in alkali it is blue or green and goes to the anode, if an 
electric current is passed through the solution. These changes 
may be observed in the living cells, which are penetrated easily 
by acetic acid or ammonia but are easily injured by the reagent 
or current so that the pigment passes out of them. In successful 
experiments, all of the pigment is massed in the cathode ends 
of red cells and in the anode ends of blue cells. When the plant 
is fresh the pigment is usually reddish, but contains a small pro- 
portion of blue, and sometimes violet cells may be found. If 
an electric current is carefully passed through a violet or red- 
violet cell under the microscope, the red portion of the pigment 
will mass in the cathode end of the cell, and the blue portion 
in the anode end. This phenomenon may have led Bethe to 
suppose that the passage of the current through the membrane 
disturbed the reaction. His experiments on cells stained with 
neutral red are not, however, open to this objection. It should 
be noted that the anode end of the cell is the cathode side of 
the membrane against which the pigment is massed. 

It might be supposed that the colloidal membranes used by 
Bethe and Toropoff are so different from the porcelain used by 
Bartell that the results may not be compared. Bethe and Toro- 
poff found, however, that membranes of clay or carbon behaved 
in the same way as gelatine membranes, in the disturbance of . 
neutrality on the passage of an electric current through them. 
We may, therefore, safely use the foregoing findings in ex- 
plaining the results obtained with various membranes. Flusin 
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(1908) observed that a solution of tartaric acid passes through 
pig's bladder into pure water (negative osmose). Evidently the 
acid reversed the charge on the membrane, making it positive, 
the greater speed of the positive ion causing the negative osmose. 
Although Flusin adopts another explanation for anomalous os- 
mose, Girard (1908-13) shows conclusively that electroendos- 
mose is at least in part the correct explanation. If the solutions 
on the two sides of the membrane are isotonic the driving force 
of osmose is the diffusion potential causing electroendosmose. 
In the following table the first column gives the solutes used in 
the isotonic solutions, the second the charge of the membrane, 
the third column the direction of the emf (positive current), 
the fourth the direction, and the fifth the relative magnitude of 
the osmose. 
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With a membrane separating isotonic solutions of NaCl and 
KC1 there was no emf and no osmose. The same was true of 
KC1 and Na 2 S0 4 . Although these experiments of Girard ante- 
date those of Bartell and Hocker, the latter have been described 
first on account of the simple character of the membranes and 
the remarkable relation of the diameter of the pores to their 
properties. Although it may not have been shown that all 
anomalies in osmose are due to electroendosmose, it seems un- 
necessary at present to accept the hypothesis of Flusin that 
osmose takes place through the membrane from the side of least 
swelling (smaller pores) to the side of greatest swelling (largest 
pores). At any rate, the size of the pores in porcelain mem- 
branes is not affected by the character of the solute (Hofmeister 
series). ' 
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Bernstein ("Elektrobiologie/'p. 162) supposes electroendosmose 
to be the explanation of his observations on negative osmose 
through copper ferrocyanide membranes, although he records 
no observations on the electric charge of the membranes or the 
emf . On filling the osmometer with K 4 FeCye solution and im- 
mersing it in CuS0 4 solution of slightly higher osmotic pressure 
(calculated from the freezing point) he observed a rise in the 
manometer, in some cases overflowing at 34 cm. In order to 
eliminate any possibility of error from the unequal temperature 
coefficients for the osmotic pressures of the two solutions, he 
repeated the experiments at o°, and yet the manometer over- 
flowed. The emf of these membranes as measured by Brunings 
are given below. 

Comparison of the Polarisation of Various Types of Membranes 

The behavior, mentioned above, of the copper ferrocyanide 
membrane may seem surprising, because, of all dead membranes 
that have been investigated, it has proved to be the most truly 
semipermeable in osmotic experiments. Brunings (1907) using 
isotonic solutions of CuS0 4 and • K 4 FeCy e observed that the , 
CuS0 4 side is electropositive. He supposed the emf to be due 
to the permeability of the membrane to K ions, and its being im- 
permeable to the other ions. If this were the case, the emf should 
be proportional to the logarithm of the concentration of K ions 
(which is not true, as the emf remained very near 100 mv with 
large variations of K ion concentration). It has been shown by 
H. N. Morse (1914) that these membranes rapidly deteriorate 
when in contact with other ions than those from which they are 
formed, and for this reason it may be impossible to decide this 
question. When we remember, however, that Morse observed 
that the membrane may be greatly thickened by the passage of 
an electric current, it becomes clear that the membrane 'cannot 
be absolutely impermeable to copper and ferrocyanide ions until - 
its electric conductivity becomes practically zero. Evidently, 
during the formation of the membrane (without the aid of the 
current) negative charges are removed from the ferrocyanide 
solution and positive charges are removed from the copper solu- 
tion, which would produce an emf opposite to that found by 
Brunings if the membrane is impermeable to all ions except 
copper and ferrocyanide ions. 
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According to Beutner (1913, b) copper ferrocyanide mem- 
branes are permeable only to the cations of many salts. In order 
to prevent deterioration of the membrane he set up this series : 
Calomel electrode | K 4 FeCy« | CuS0 4 + x m °l- sa ^ I calomel electrode. 
With n/40 NaCl in the CuSO* solution the emf was 29 milli- 
volts, and with n/400 NaCl in the* CuS0 4 solution the emf was 
80 mv, or a difference of 51 mv produced by diluting the salt 
ten times, whereas the difference calculated by Nernst's formula 
is 58 mv. 

Taking Beutner's results as evidence that these membranes 
are permeable only to the cations of the salts of alkali metals, we 
may explain the negative osmose observed by Bernstein on the 
assumption that the membrane is negative, hence the water posi- 
tive, the diffusion of the K ions leaving the ferrocyanide solution 
negative. 

One of the clearest demonstrations of the relation of perme- 
ability to membrane polarization was shown by Bayliss (1911). 
He separated two solutions of the sodium salt, congo red, by 
a membrane of parchment paper. The Na ions can easily pass 
through the membrane but the congo red anions cannot pass 
through a dense grade of the paper. Therefore the dilute side 
is electropositive. Bayliss found the emf, when measured im- 
mediately after the membrane was wet with the solutions, to 
approximate that calculated by Nernst's formula, but to fall 
gradually. He explained the fall by assuming that the osmotic 
pressure of the concentrated solution draws water through the 
membrane, thus forming a dilute layer next to the membrane 
and lowering the difference in concentration between the solu- 
tions in immediate contact with the two faces of the membrane. 

The author found that even with KC1 solutions, parchment 
paper gives an emf, but the potential difference fails very rapidly, 
so that it is impossible to measure the initial potential with the 
potentiometer method used. The fall in potential is not entirely 
due to dilution of the more concentrated solution, since after 
removing and partially drying the membrane and renewing the 
solutions, the original potential is not obtained. Since the emf 
becomes zero after a comparatively short time, the fall is prob- 
ably due, at least in part, to swelling of the membrane and conse- 
quent enlargement of the pores. In one experiment an emf of 
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40 mv was observed. With a wooden membrane and KC1 the 
emf was 7 mv, and the dilute side positive. 

The emf produced by porcelain membranes in Hocker's ex- 
periments was very small, due to the fact that he waited twenty- 
four hours for equilibrium to occur before making the read- 
ing. He found that time to be required owing to the thickness 
of the porcelain. Very irregular results were obtained if the 
reading were taken soon after filling the apparatus. The author 
observed that the bowl of a clay pipe showed negative osmose 
and was thin enough to oome to an equilibrium more quickly, 
provided the previous solution had been thoroughly soaked out 
of it. Briinings (op. cit.) found Nernst's formula to be approxi- 
mated with a burned clay membrane separating n/100 and n/1000 
NaCl solutions, the observed emf being 50 mv and the calculated 
59 mv. Briinings obtained rapid equilibrium by soaking the 
membrane in the more concentrated solution, in one case boiling 
it in this solution sixteen days with a reflux condenser. Briinings 
tried membranes of burned clay, wood, bone, carbon and marble 
with NaCl and KC1, and in every case the dilute side was posi- 
tive. Since the CI ion is faster than the Na or K ion these mem- 
branes must be more permeable to cations than to anions. 
Probably this is due to repulsion of the anions by the negative 
charge of the membrane. 

The effect of the electric charge of the membrane on its rela- 
tive permeability to anions and cations is illustrated by an experi- 
ment of Mines' (1911 b). In the following concentration cell 
the emf is zero: 

Zn, ZnS0 4 | n/8 NaCi | n/80 NaCl | n/8 NaCl | ZnS0 4 , Zn. 

If, however, a gelatine membrane is placed between two of 
the NaCl solutions the dilute side becomes positive with an emf 
of about 60 mv. The gelatine, therefore, is more permeable to 
cations than to anions, and it is well known that natural gelatine 
is electronegative. Gelatine is made positive by the ions of 
polyvalent metals, and hence Mines treated the gelatine with 
a salt of Gadolinium to test its effect on the emf. The same 
gelatine membrane used above, after treatment with GdCl 8 and 
being returned to the concentration cell, caused an emf of 8 mv, 
but the dilute side was negative, showing that the membrane had 
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become more permeable to anions or less permeable to cations 
— perhaps both. 

Selective permeability of membranes to ions has often been 
noticed in electrical transference experiments. Hittorff separated 
the solution between the electrodes into segments by means of 
ox gut membranes, in order to prevent backward diffusion or 
convection currents. He supposed the membrane did not affect 
the results (transference numbers), but it is now known that 
the effect is small in some cases, very large in others. Bein 
(1899) found that earthenware membranes were the safest to 
use. Fish bladder membranes caused but small errors with neu- 
tral salts of alkali metals, but large errors with CuS0 4 solutions. 
The S0 4 ions passed the membrane, but the Cu ions combined 
with the substance of the membrane, and hence were held back. 

The action of gelatine membranes in holding back H ions in 
a similar manner has been noticed by Girard and by Cybulski 
(1903) and Cybulski and Dunin-Borokowski (1909). 

Where the membrane clearly forms a separate phase the elec- 
tric phenomena have been called by Nernst and Riesenfeld 
(1902) phase boundary forces. If the speed of the ions in two 
phases is different, the addition of the electrolyte to either phase 
will cause a difference of potential at the phase boundary, which 
is different from that which occurs in a similar concentration 
gradient in either phase alone. The limiting case is that in which 
the speed of either ion becomes zero (in the membrane). Such 
is the case with a metallic membrane, which may be considered 
impermeable to any ion* except the cation of the same metal. 
Although the atom and its electron part company in passing 
through the membrane, and the ion as such does not pass through, 
the effect is the same, since an ion is given off from one side 
at the instant that an identical ion is deposited on the opposite 
side of the membrane. It seems proper, therefore, to speak of 
the permeability of a metallic membrane to an ion, when the 
mechanism of the passage of the ion or its components through 
the membrane is of no significance to the point of discussion. 
When an electrolyte dissociates into two ions . to only one of 
which the membrane is permeable, the emf may be calculated 
by NernsVs formula for electrode potentials. The emf is 59 mv 
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at 25 , when this ion is monovalent and is ten times as concen- 
trated on one side of the membrane than on the other. 

It is characteristic of most of the separate phase membranes 
that have so far been studied that they are very poorly permeable 
to water. Their ionizing power is often very small, and except- 
ing the metallic membranes, they are poor electric conductors. 
Hence the measurement of the emf with a galvanometer, capil- 
lary electrometer, or even a potentiometer, is sometimes im- 
possible. A quadrant electrometer of Lord Kelvin's or Dole- 
zalek's type is usually used. 

For the general case of a membrane permeable to both ions 
of the solute, Nernst's ideal formula in millivolts at 25 is, 

u — v u' — v' c x 

emf = 59 ( ) log — 

u+v u'+v' c 2 

where u and v are the speeds of cation and anion in water and 
W and z/ in the membrane. Though the emf so calculated would 
be correct if the two aqueous solutions were connected so as to 
form a closed circuit, the emf could not be measured under such 
conditions. If calomel electrodes are used, the solutions con- 
necting this concentration chain to the electrodes would have an 
effect on the total emf as measured. 

Examples of membranes permeable to only one of the two ions 
of an electrolyte are given by Cremer (1906) and Haber and 
Klemensiewicz (1909). Membranes of ice, benzol, toluol, 
metaxylol, nitrophenol, and thin, water soaked glass, acted as 
though they were permeable only to H ions. When the H ion 
concentration on one side of the membrane was ten times as 
great as on the other side, the average emf with soft glass was 
52 mv and with hard glass 59 mv, whereas that calculated from 
Nernst's formula is 58 mv at 20°.- The emf with the other mem- 
branes was almost as great. Haber and Klemensiewicz used 
almost pure solutions of acids and bases (without buffers) and, 
in their tables, did not correct for dissociation. Furthermore, 
they made no accurate measurements near the neutral point. 
Since the reaction of all living cells or fluids bathing them is 
near the neutral point, it seemed worth while to make such de- 
terminations, in order to ascertain whether such membranes 
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might account for the bioelectric phenomena. Prof. A. F. 
Kovarik kindly took the readings with an improved Dolezalek's 
electrometer. Benzol was used as a membrane. Its conductivity 
is so low that the concentration cell had to be enclosed in a metal 
cage before constant results were obtained. The H ion solutions 
were PH = 6 and 7 made with the aid of Sorensen's phosphate 
mixtures and tested with the hydrogen electrode. The emf was 
31 mv, whereas the theoretical is 59 mv. This is not, however, 
a greater discrepancy than in some of Haber and Klemensiewicz's 
experiments with benzol, the potential difference between n/10 
and n/100 HQ being only 18 mv. The emf of living muscle 
as measured, is not usually greater than 31 mv, and since the 
PH of the blood is about 7.5 the reaction of the muscle contents 
need only be PH = 6.5. 

Whereas, in the above membranes, their chemical nature 
seemed unimportant, ice, glass and carbocyclic compounds be- 
having in the same manner, the permeability of certain other 
membranes depends, according to Beutner (1913 d), on a chem- 
ical reaction. Beutner used one series of membranes permeable 
only to cations and another only to anions. An example of the 
first class is salicylic aldehyde, that on oxidation formed traces 
of salicylic acid. If such a membrane separates solutions of the 
same salt of different concentrations, the dilute side becomes 
negative. If both solutions are very dilute, Nernst's formula 
may be used to calculate the emf approximately. According to 
Beutner the cations pass through the membrane by being trans- 
formed into salicylates, which are soluble in salicylic aldehyde. 
Beutner*s experiments were repeated with n/100 and n/1000 
KOI on the two sides of the membrane, and an emf = 36 mv 
obtained on Prof. Kovarik's electrometer. 

The conductivity of the salicylic membrane is too low to use 
the potentiometer if the ordinary U-tube is used in making the 
concentration cell, but at least qualitative results were obtained 
in the following manner : A solution of CaQ 2 of greater specific 
gravity than the aldehyde was placed in the bottom of a beaker 
and a glass tube introduced into it. A layer of salicylic aldehyde 
(to which some salicylic acid had been added to increase its 
conductivity) was floated on top of the CaQ 2 solution, and a 
dilute solution of CaG 2 added as a third story. In this way 
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a membrane of larger surface and less thickness was made. On 
connecting one calomel electrode with the dilute solution and 
the other through the glass tube with the concentrated solution, 
an emf of 25 mv was measured with the potentiometer, the 
dilute side being positive. 

The other type of membrane is an organic base, which, accord- 
ing to Beutner, combines with the anion of the electrolyte to 
form a salt soluble in the membrane. His experiment was re- 
peated with o-toluidin, in the same manner as with salicylic 
aldehyde, and obtained 27 mv with the Dolezalek electrometer. 
In order to use the potentiometer, chloroform was added to the 
toluidin to make it heavier, and 80 mv obtained, the dilute side 
being negative. 

In order to obtain larger membranes, parchment paper tubes 
were soaked in salicylic aldehyde, toluidin or anilin. In each 
case the emf was what would be expected with parchment paper 
alone, but was maintained for a longer time. For this reason 
it seems possible that the organic liquid was effective in retard- 
ing the wetting of the paper with consequent enlargement of its 
pores. If this is true it shows a method of finding the initial 
emf with parchment paper. Although with toluidia alone the 
dilute side is negative, when it is applied to parchment paper 
the dilute side is positive. The emf with n/100 and n/1000 KC1 
was 59 mv, and substituting toluidin, was 52 mv. 

According to Loeb and Beutner (1913) a solution of lecithin 
in m-cresol acts in the same way as salicyl aldehyde when used 
as a membrane in a concentration cell. But since higher fatty 
acids could be substituted for lecithin, it seems probable that 
fatty, or glycerophosphoric acid, formed by the decomposition 
of lecithin was the active agent. 

Bioelectric Phenomena 

The electromotive forces produced by living matter have al- 
ways been a subject of interest, if not amazement. The shock 
of some electric fish is several hundred volts, and may be felt 
while the fish is entirely submerged in sea water. On the other 
hand, the ordinary electric potential differences observed in living 
matter never reach 0.1 volt. The secret of the electric organ 
lies in the connection of the elements in series. Briinings ob- 
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served that if one frog's skin is laid on another, the emf is 
doubled In the same way he found the emf of two concentra- 
tion cells with porcelain membranes to be doubled when they 
were connected in series. The principle is the same as that of 
the voltaic pile, and only the nature of the membrane is different 
A dissection of an electric organ reveals the serial arrangement, 
and also (in all electric organs related to muscle tissue) that 
the side of each element on which the nerve enters is electro- 
negative (Pacini). It seems probable that the manner of pro- 
duction of electricity is the same in the electric organ as in muscle 
or nerve or any sensitive cell. We shall therefore proceed to 
discuss the general question of the exhibition of electromotive 
force by the cell. 

The electromotive force of a single cell was. observed by Hyde 
(1904). She placed one non-polarizable electrode on the animal 
pole and one on the vegetative pole of the egg cell of a fish. 
When the cell began to divide the animal pole became negative. 

Owing to the small size of most cells, it is usually more con- 
venient to study these phenomena in tissues in which similar 
cells are arranged in multiple. The frog's muscle is convenient. 
It is possible to measure the difference in potential between the 
inside and outside of the cells by cutting off one end of the 
muscle and leading off from the cut surface (interior) and the 
intact surface (exterior). The interior is found to be negative 
in comparison to the exterior, which causes an electric current 
to flow through any external conductor that may be present from 
the intact to the cut surface. This current is often called the 
current of injury, without any proof that the injury, as such, 
has anything to do with it, but the expression is convenient. 

Wilhelm Ostwald suggested that the muscle is a concentration 
cell with a membrane, and Bernstein developed the details of this 
idea. No one doubts that the muscle is a concentration cell, but 
the opponents of Bernstein's hypothesis doubt that a membrane 
has anything to do with it, since concentration cells may be made 
without membranes. But the emf of the current of injury of a 
fresh muscle is from 40 to 80 mv and no concentration cell with- 
out a membrane has been known to give such a high emf unless 
it contained strong acids or alkalis, which are incompatible with 
life. There seems to be no valid evidence against, and much for, 
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Bernstein's theory. Furthermore, it is the only theory that will 
account for all of the facts.- 

According to Bernstein, the striated muscle fiber or cell is 
surrounded by a membrane or surface (called the plasma mem- 
brane since it is the superficial layer of the protoplasm), which 
is more permeable to the cation than to the anion of some elec- 
trolyte more concentrated in the interior than on the exterior of 
the muscle cell. The cations passing through the plasma mem- 
brane leave the interior negative, and form a positive outer 
stratum of an electric double layer thus formed at the surface of 
the cell. Many attempts to determine the electrolyte have been 
indecisive, but it seems probable that the cation in question is 
the hydrogen ion, in which case the cell surface must be rela- 
tively impermeable to all anions. This assumption has the ad- 
vantage that it avoids the necessity of difference in osmotic 
pressure on the two sides of the membrane. A diagram of this 
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Fig. 28. Scheme showing the plasma membrane of a cell torn open at 
one end and liberating the excess of anions. The + and — indicate the 
charge of ions and the arrows the direction of diffusion. Only + ions 
can come out through the intact plasma membrane and hence there is an 
excess of — ions on the interior. The tear causes a negative charge to 
appear at the surface and give rise to the current of injury. 

idea is shown in Fig. 28, representing a muscle cell with one end 
cut off to produce the current of injury. The ( — ) signs are 
anions that can escape only at the cut end. The current of injury 
is caused by the escape of the anions at the cut surface. What 
these anions may be is immaterial, but presumably they include 
proteids with negative charges and anions of carbonic and lactic 
acids produced in the muscle fiber. 

The acidity within the cell necessary to produce such an emf 
as in muscle need be only that of a molecular solution of CO s . 
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The H ion concentration of the blood at 20 is about PH = 7.5 
and with such a reaction outside the cell and PH = 6.5 inside the 
cell, the theoretical current of injury would be 58 millivolts, which 
is about the average value actually found. With the model mem- 
brane given in the first section, the emf did not reach this theo- 
retical value, but it is reached in the average of one series of 
determinations by Haber and Klemensiewicz. 

Not only is the cut surface of a muscle negative, but the region 
of a muscle that is stimulated becomes negative for a fraction 
of a second. The current produced by this negativity is called 
the action current, and since the current of injury is produced 
by the removal of the resistance to diffusion at the cut surface, 
the action current is probably due to a momentary increase in 
permeability at the stimulated surface. If this is true we 
should be a/ble to increase the electric conductivity of muscle 
momentarily, by stimulating all of the fibers simultaneously. 
Since it is not easy to measure conductivity in a few 
thousandths of a second, even with a string galvanometer 
on stimulating the nerve, another method of stimu- 
lation was adopted (McClendon, 1912 c). The conductivity 
of a resting muscle was measured by passing an alternating cur- 
rent transversely through it. By putting in resistance this cur- 
rent was made too weak to stimulate the muscle. After the 
conductivity was determined, the resistance was short circuited 
and the conductivity determined while the muscle was thrown 
into tetanus by the alternating current, and found increased 
from 6 to 28 per cent. It has been objected that the action 
current of the muscle reinforced the alternating current, but the 
contrary is true. The muscle is stimulated on the side of the 
momentary cathode, and the stimulated region, becoming nega- 
tive, opposes a cathode to a cathode, hence opposes the current. 
It is also stated that the change in form of the muscle fibres in- 
creases the cross section of the interfibrillar spaces. This ob- 
jection seems to have no theoretical basis. If a vessel is filled 
with small spheres the cross section of the space between the 
spheres is the same as though it were filled with large spheres. 
In my experiments a relatively large muscle was pressed between 
two platinized platinum discs as electrodes. Between the discs 
were a large number of cylinders (fibers) and when the muscle 
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contracted it was drawn in at the ends and pushed out at the 
sides, so that the same area lay between the electrodes, but was 
now composed of a smaller number of larger cylinders. It may 
be objected that the surface of the contracted fibers is thrown 
into waves but this does not affect the problem, because such 
fibers can be resolved into an infinite number of short cylinders 
of different sizes placed one on another. If a change in the 
diameter of all of the fibers does not affect the conductivity, a 
local variation in the diameter of one fiber does not affect it. 
It seems that the evidence points to an increase in the permeabil- 
ity of the muscle on stimulation. 

It was shown by Kunkel (1887) an ^ Burdon-Sanderson 
(1888) that an action current follows stimulation of the sensitive 
plant, Dionea, and the same has been found true of a host of 
plants by A. D. Waller. It seems probable that an action cur- 
rent (blaze current) follows stimulation of any plant except 
perhaps most marine plants, as indicated by Waller. 

This increase in permeability may cause movements (in addi- 
tion to electric phenomena). Pfeffer ("Physiol. Untersuchungen ,, 
1 and 2, 1873) studied the movements of plants. The stiffness 
of a plant is due to the pressure or turgor within its cells, and 
Pfeffer observed that plant movements are caused by local varia- 
tions of turgor. Each cell is surrounded by a semipermeable 
plasma membrane. The osmotic pressure within the cell causes 
the absorption of water, from the capillary spaces between the 
cells. When the plant is stimulated certain cells lose their semi- 
permeability and the cell sap filters out into the intercellular 
spaces, causing a local shrinkage of the tissue. 

Waller (1904) observed that the conductivity of plants may 
increase 100 fold (or less) on stimulation, thus giving more evi- 
dence for permeability increase: He observed the blaze current 
to last fifteen minutes in some cases, which makes it easier to 
study conductivity during the stimulated state. 

Whereas the action of the sensitive plant may reach a maxi- 
mum one second after stimulation, movement does not begin 
until two and one-half seconds after stimulation. The time re- 
quired for diffusion together with the mechanical inertia of the 
parts probably accounts for the delay. 

We may sum up the data on the universality of the bioelectric 
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phenomena by saying that the current of injury has been ob- 
served in all living tissue where it has been looked for, but that 
action currents have been observed in the leaves of land and 
fresh water plants, and in animal nerve (and retina), muscle 
and glands and electric organs derived from them, as well as in 
the eggs of fish. These electric phenomena are due to changes 
in permeability to ions. The excited state (increased permeabil- 
ity) remains but a few thousandths of a second in muscle or 
nerve but may remain fifteen minutes in plants. 

The most wonderful thing about the electrical variation of 
muscle, nerve or sensitive plant is that it is self propagated. 
The results of study of electrical stimulation have made the self 
propagation of the electrical variation a necessary consequence 
of excitability. It is probably the negative variation of nerve 
that stimulates another nerve or the motor end plate of the 
muscle. The medullated nerve fiber is surrounded by an insu- 
lating sheath, broken only at the occasional nodes of Ranvier. 
When a minimal current is sent through a medullated nerve cross- 
wise no stimulation takes place, apparently because of the insula- 
tion of the fibers. But when it is sent lengthwise through the 
nerve it may enter at one node and leave the fiber at another. 
(The author found non-medullated nerves of Limulus to be as 
sensitive to a current sent crosswise as to a longitudinal current.) 
The nerve is stimulated nearest the cathode or apparently where 
the current leaves the fibers at the nodes nearest the cathode. In 
other words, the approach of a cathode to the plasma membrane 
stimulates the nerve fiber. But the stimulated region becomes 
electronegative and hence a little cathode. It stimulates regions 
adjacent to it, and the stimulated area spreads like a fire. The 
reason for this can only be learned when we discover the cause 
of the increase in permeability of the plasma membrane. H. N. 
Morse (1914) states that copper ferrocyanide membranes are 
colloidal and that a crystallization, resulting in increase of the 
size of the particles, increases the permeability of the membrane. 
But the size of colloidal particles may be considerably increased 
without crystallization (by electrical disturbances). Perhaps the 
plasma membrane is colloidal and the sudden electrical disturb- 
ance, due to the approach of a cathode, causes the particles to 
aggregate into groups. If the plasma membrane is composed of 
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negative colloids like the rest of the cell, the approach of a 
cathode would tend to lessen the charge on the particles and 
induce aggregation. The negative charge of cell colloids is illus- 
trated by the author's experiments in passing a constant current 
through plant (McClendon, 1910, b) and animal (McClendon, 
1914, d) cells. Chromosomes, yolk granules, and protoplasm 
in general pass toward the anode, whereas water passes toward 
the cathode and forms a blister on some animal cells. If the 
plasma membrane is composed of the same colloids as the cell 
interior it is probably negative. It may be objected that these 
colloids become positive in an acid medium and that this nega- 
tivity is incompatible with the assumed acidity of cell interiors. 
But the isoelectric point of most of these colloids is much farther 
on the acid side than the reaction we have assumed for the in- 
terior. Furthermore, the plasma membrane is nearer the blood 
which is alkaline, and is probably bathed by an alkaline tissue 
juice. The cell sap in the cells of red flowers has an acid re- 
action. 

The rate of propagation of the excitatory impulse may be 
1 mm per second in some plants and 12000 in mammals. It is 
probably very slow over the bodies of nerve cells and motor 
end plates, as there is some delay in conduction through these 
regions. Mayer (1916) found that nerve conduction varies 
almost as the concentration of electrolytes around the nerve. 
Lillie (1916 b) supposed nerve conduction to vary with electric 
conductivity but Mayer has not observed an exact parallel. 

Since glands are the seat of an emf, and the skin contains 
glands, the skin is the seat of an emf which varies with glandular 
activity. If a constant electric current is passed through the 
body, the electrical resistance is found to be high. If a gal- 
vanometer is interposed in the circuit, the needle may soon come 
to a constant deflection, but if the subject becomes mentally ex- 
cited, as on hearing bad news, the galvanometer deflection is 
suddenly increased. This is called the psychogalvanic reflex, 
and is used by clinicians and psychologists in the examination 
of the reactivity of persons. Gildemeister (1915) in a very 
elaborate and carefully controlled series of experiments, showed 
that the psychogalvanic reflex is due to increased permeability 
of the sweat glands, which have been stimulated through sym- 
pathetic nerves. 
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The emf of the frog's skin has been the object of many in- 
vestigations, but the results so far are for the most part con- 
fusing. Schwartz (191 5) found that the electrical conductivity 
of the frog's skin is increased when the nerves to the skin glands 
are stimulated. It is probable that the emf of the frog's skin 
is analogous to the action current, or more nearly to the current 
of injury of muscle, and is due to the permeability of one side 
of the gland cell and semipermeability of the other, the latter 
being the seat of the emf. The experiments of Bayliss (1908) 
tend to support this view. On passing an alternating current 
through the frog's skin, he observed that it acted to a certain 
extent as an electric rectifier, allowing a current to pass more 
easily in one direction than in the other. The same effect was 
produced by a parchment paper membrane separating a solution 
of congo red from water. This dye dissociates into Na ions 
and enormous anions. If the cathode is placed in the water, 
the current is carried through the membrane by the Na ions, but 
if the anode is placed in the water, the anions attempt to pass 
through the membrane to the anode, but are unable to do so. 

Perhaps much of the confusion arising from the study of the 
emf of living tissues is due to the fact that they are made of 
more than one kind of cell, and that the permeability of the cells 
may be changed by the experimental procedure. Consider, for 
example, the excised muscle. If it is bathed on all sides by 
lymph or blood, any emf observed is probably due to the muscle 
cells, but if one electrode is connected to it by a more concen- 
trated solution and the other by a dilute solution of electrolytes, 
the system may form a concentration cell in which the peri- 
mysium or muscle sheath is the chief membrane concerned. The 
fact that porcelain membranes may act in this capacity, shows 
that relatively permeable membranes must be taken into con- 
sideration, even membranes allowing an appreciable amount of 
filtration. Oker-Blom (1901) studied what he called the contact 
potential between muscle and certain solutions. This work was 
extended by Briinings (1907) who attempted to prevent the in- 
jurious effect of diluting the salt solutions by the addition of 
sugar to make them isotonic. He found the contact potential 
between frog's muscle and sugar solution to be 50 millivolts, with 
the sugar side positive, and the same result was obtained with 
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dead muscle. Perhaps the perimysium surrounding the muscle, 
being formed of electronegative colloids, is more permeable to 
the cations than to the anions of the electrolytes between the 
muscle fibers, hence the dilute side (in reference to the salt) is 
positive. When the end of a muscle is dipped in water, the 
dilute (water) side is positive until the water injures the muscle, 
when the dilute side becomes negative, the perimysium emf being 
superseded by the current of injury. Briinings found that when 
the entire body of a man, a frog or a plant is used as a mem- 
brane in a concentration cell, the dilute side is positive. 

Loeb and Beutner (1914), who extended Briinings's experi- 
ments, oppose all hypotheses on the origin of animal electricity 
which relate to membrane destruction or selective permeability 
to ions. They admit, however, that a current of injury is pro- 
duced by cutting off part of the skin of an apple, and that the 
same increase in permeability may be produced by merely press- 
ing the skin with the finger. The argument they bring against 
Bernstein's hypothesis is the similarity between living tissue on 
the one hand and Beutner's acid membranes or lecithin in guaicol 
on the other, when used as membranes in certain concentration 
cells. It seems perhaps more significant that in a previous paper 
(1912) they interpret their results as showing that the seat of 
the current of injury is the intact membrane and that it is caused 
by the increase in permeability or removal of the membrane 
at the injury. 

Having thus sketched the membrane hypothesis, it may be ad- 
visable to add additional proofs of its validity.* If the membrane 
theory is correct, change of temperature of the cut end of a 
muscle should not affect the current of injury since the cut end 
is not the seat of the emf, but the current of injury should be 
proportional to the temperature of the intact end. From Nernst's 

c x 
formula emf (in millivolts) = .198 T log , where T is the 

absolute temperature, hence any change in T would cause a 
corresponding change in the emf. Bernstein ("Elektrobiologie," 
p. 97) found this to be the case, at least between the tempera- 
tures i8°-o°. In case two points on an intact muscle are at 
different temperatures Nernst's formula becomes emf = .198 T x 
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— .198 T 2 , which means that a thermocurrent will be produced 
proportional to the difference in absolute temperature. Bern- 
stein found this to be true also, the warmer end being positive. 

Further proof of functional change in permeability of the 
plasma membrane to electrolytes was found on measuring the 
conductivity of sea urchin eggs by the Kohlrausch method. The 
conductivity increases when the eggs are stimulated to begin 
development (McClendon, 1910 c, e). This was confirmed by 
Gray (1913, a, b) who observed an increased conductivity in the 
first fifteen minutes of development. Just what electrolytes were 
affected by this increase in permeability was not ascertained, but 
in case of the frog's egg, the author was able to show an in- 
creased permeability during the first hours of development to 
Na, K, Mg, Ca, and Q (1914 a, 191 5 a). The eggs were caused 
to develop in distilled water by means of electric stimulation, and 
the salts which diffused out analyzed and compared with those 
diffusing out of unstimulated controls. 

A change in permeability may also accompany pathological 
changes. It was shown (McClendon, 1913 a, 1914 c) that the 
eggs of certain fish which are impermeable both to water and 
to salts, may be made permeable to salts by various toxic sub- 
stances. Salts diffuse out of these poisoned fish into the distilled 
water in which they are placed, and (possibly as a result of in- 
creased permeability) they develop into monstrosities. An in- 
crease in permeability to water was shown by Loeb (1912 b). 

If stimulation means increase in permeability, we should ex- 
pect anesthetics to prevent it, since they prevent response to 
stimuli. It was observed that the increase in permeability of 
the eggs of certain fish to electrolytes could be partially inhibited 
by ether (McClendon, 1914 b, 1915 b). 

Since Kite claims that the interior of the cell has the same 
permeability as the surface, it is probably worth while to empha- 
size that the effect of temperature change on the emf of the 
current of injury furnishes evidence that the seat of restricted 
permeability is the uninjured cell surface. Furthermore, Hober 
(1910 a, 1912 b, 1913 b) has shown that the electric conductivity 
of the interior of the cell is greater than that of the whole cell, 
including the plasma membrane. 
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Stimulation 



Modern theories of electrical stimulation depend on membrane 
polarization. Nernst accidentally passed through his body a high 
frequency Tesla current of enormous voltage, such as is used in 
wireless telegraphy, and observed no stimulation. This led him 
to formulate his theory of electric stimulation, according to which 
the current must carry a certain number of coulombs of electricity 
per unit cross section, before it is reversed, in order to stimulate. 
In other words, stimulation is due to polarization of membranes, 
and the polarization must reach a certain minimal value. From 
this it is evident that the higher the frequency of an alternating 
current (the shorter the time the current flows continuously in 
one direction) the greater the amperage required in order to 
stimulate. Using sine wave alternating currents, this was found 
to be true within certain limits of frequency, but it appeared im- 
possible to stimulate if frequency reached 100,000 per second. 
Nernst and Barrat (1904) found that the current required to 
stimulate = .079 X the square root of the frequency. In order 
to extend the limits of frequency complicated formulae have 
been developed to include accessory factors, such as backward 
diffusion of ions (A. V. Hill, 1910). According to Bethe (1916) 
the facts fit better the hypothesis that only H ions are concerned 
in the stimulation. He had found 1 that the passage of a current 
through a membrane causes the accumulation of H ions on one 
side and OH ions on the other and supposes that the accumula- 
tion of H ions on the outer surface of the plasma membrane 
causes stimulation.. He says that the bare nerve fibers exposed 
at the cut end of a nerve, or which have grown out of the end 
on regeneration, can be stimulated by acid that is not hyper- 
tonic, and hence does not stimulate osmotically. 

The relation of ions to irritability has been much studied, but 
the problem has not been entirely cleared up. An ion may have 
one effect at a certain concentration and a different effect at an- 
other. K ions are said to depress irritability, but according to 
Beccari (1915) they increase irritability, when applied within 
physiological limits to skeletal muscle. It is well known that Na 
increases and Ca decreases irritability. But irritability is lost in 
the pure solution of any salt. If muscle is placed in isotonic 
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solutions of the chloride of an alkali metal the irritability dis- 
appears least rapidly in NaCl and most rapidly in KC1 according 
to the series: 

Na <Li <Cs <NH 4 <Rb <K 

If muscle remains in isotonic cane sugar solution the irritability 
disappears but if they are returned to a salt solution the irritabil- 
ity may be regained. According to Overton the cationic series 
is about the same as the one above. According to C. Schwarz 
the anionic series is: CNS <I <NO s <Br <C1 <CH 8 COO 
<S0 4 , Tartrate < Citrate. 

If it is carbonic or sarcolactic acid inside the muscle fiber 
that causes the polarization of the plasma membrane, this struc- 
ture must be impermeable to all ions except H ions. The H ions 
of the sugar may be of the same concentration as the H ions in- 
side the fiber and thus abolish the polarization. If this is the 
case, however, it is hard to see why the muscle is irritable in 
a mixture of sugar and neutral salt unless the salt in some un- 
known way changes the H ion dissociation of the sugar. The 
sugar solution ajcts as an insulator and hence makes stronger 
currents necessary for stimulation of the muscle directly. It 
might also interfere with the transfer of the negative variation 
from the nerve to the muscle by reducing the conductivity of the 
solution immediately over the plasma membrane. I know of no 
other suggestions that might explain the power of a cane sugar 
solution in reducing the irritability of muscle. 

In this connection it may be of interest that the author found 
it necessary to make the medium more, acid than PH = 6.5 in 
order to stop the pulsations of medusae or the heart of the Conch. 
The action of ions on these pulsations was studied with a view 
to determining the probability of the hypothesis of the antagonis- 
tic action of ions in isotonic solutions. OH', Na* and K # stop 
the conch heart in systole, whereas H', Mg" and Ca" stop it in 
diastole. The first group tend to quicken and the second to re- 
tard the rate. As observed by Ringer, Mayer and others, how- 
ever, Ca" in the (presence of other ions may tend to increase 
the systolic phase of pulsations. We cannot pick out 9 pairs 
of perfectly antagonistic ions, but the antagonism between Na" 
and Mg" is more perfect and between OH' and Ca" less perfect. 
These antagonisms were more nearly perfect in the action of 
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ions on the rate of pulsations of medusae, but the anomalous 
action of Ca" was again apparent. Peiihaps the explanation of 
this lies in the assumption that the effect of the ions on pulsations 
is the summation of their effect on various tissue and cell struc- 
tures, and that the sensitiveness of these structures is different 
for the same ion, the ions standing in no constant ratio in this 
regard. This is illustrated by the fact that Mg" is a strong 
depressant of muscular contraction whereas Mayer (1915, 1916) 
has shown it to be without effect on nerve conduction rate. 

The All-or-None Law 

If the action current (which we may assume is the excitation 
wave itself) rests on so mechanical a basis as has been set forth 
it may seem difficult to picture different gradations of excitation. 
Much evidence is being accumulated by physiologists to show 
that no gradations of excitation exist so far as the single cell is 
concerned, but that all excitations are maximal (Bayliss, 1915 a). 
This is called the all-or-none law. A weak nerve impulse is ex- 
plained as an impulse in which only a few fibers take part and 
a maximal impulse one in which all of the fibers take part ; and 
the same principle holds for muscle. Tonic impulses are due 
to a succession of excitations involving a minute proportion of 
the fibers at any one time, and producing a fibrillation in the 
muscle that gives it tone. Such a tonic excitation continues to 
affect a veratrinized nerve muscle preparation for some time 
after a single stimulus is applied, thus retarding the relaxation 
of the muscle. The peculiar series of action currents after 
veratrin poisoning may be detected with the string galvanometer 
(Lodholz, 1913). Such a delicate instrument is not necessary 
in case of the electric organ, however, which shows the same 
behavior toward veratrin (Winterstein, 1910 iii (2) 185). 

The all-or-none law removes a series of objections which might 
be raised against a purely physicochemical hypothesis of excita- 
tion. It is the present purpose merely to call attention to this 
fact. For a discussion of the evidence in support of the law see 
Bayliss's Physiology. 

* 

Absorption and Secretion 

The fact that the intestine may absorb a hypertonic solution 
introduced into its lumen has for a long time 'been the cause of 
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astonishment. Hamburger (1908) found this valvelike action 
to be shown (in a very much smaller degree) by dead intestinal 
wall and by double membranes made by pasting together two 
membranes of different material. These results remind us of 
the theory of Flusin ( 1908 a) that osmose is controlled by three 
factors : 

1. The attraction of the membrane for the solvent, determining 
its imbibition. 

2. The presence of solutes affecting this imbibition. 

3. The mutual attraction between solute and solvent. 

This third factor is the principal one according to Traube, 
who calls it "haftdruck." Assuming 2 and 3 to remain con- 
stant, osmose is affected by imbibition of the membrane, and if 
imbibition is different on the two sides the osmose might be 
forced in one direction or the other. This seems to be the view 
of H. N. Morse as a result of his direct determination of osmotic 
pressure. Osmose is then the resultant of three processes, be- 
tween the first solution and the membrane, between the two sides 
of the membrane, and between the membrane and the second 
solution. 

It seems evident that one effect of imbibition is to alter the 
size of the pores, and Bartell has shown that the enlargement 
of the pores can change positive into negative osmose. Electro- 
endosmose seems to be at least one factor in the valvelike action 
of living membranes. Girard (1910) observed that the valvelike 
action of frog's skin separating isotonic salt from sugar solution, 
ceased when the skin current was inhibited by anesthetics. 

Assuming that living membranes are easily permeable to H 
ions, the more acid of two solutions separated by the membrane 
should be electronegative, and the osmose should be toward it, 
since electroendosmose is usually toward the negative pole. This 
view is in harmony with the fact that osmose is from the alkaline 
blood to the acid stomach and kidney cavities, but from the alka- 
line intestine to the slightly less alkaline blood. It is probable 
that protoplasm is less alkaline than blood, hence the turgidity 
of cells. 

Bernstein in his "Elektrobiologie" accords first place to electro- 
endosmose in explaining osmose through living membranes. The 
electric polarization of such membranes is reduced or disappears 
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on death — hence, electroendosmose must be reduced or cease 
also. The cause of this cessation of electroendosmose at death 
is probably not a sudden abolition of the difference in concentra- 
tion of ions causing the emf, but an alteration of the membrane. 
It was shown long ago by Nageli, and repeatedly confirmed by 
others, that increase in permeability of the plasma membrane 
is so intimately associated with death of the cell that the two 
phenomena are probably the same thing. This seems true not- 
withstanding the fact that the plasma membrane may not lose 
all of its semipermeable properties on death. Some of the evi- 
dence that disappearance of the bioelectric phenomena alter os- 
mose are as follows : 

If the turgor of living cells is due to electroendosmose, dead 
cells should dry in air sooner than live ones. This fact is the 
teleological principle involved in the instinct of certain wasps 
who store spiders with the eggs so that the larvae may have food. 
If the spiders are killed they dry up before the eggs hatch, hence 
the necessity of keeping them alive. The wasp stings the spider 
in its central nervous system so that it remains alive in a paralytic 
condition. Bernstein ("Elektrobiologie") tied living and dead skin 
over the mouths of two tubes filled with water. The evaporation 
took place more rapidly through the dead skin. He suspended 
two similar pieces of the frog's skin from the two arms of a 
balance. One of the pieces of skin was killed, and it then lost 
weight faster than the other. A similar experiment with plant 
leaves gave the same result. The same was true of frog's muscle 
if the experiment were terminated within a half hour, at the end 
of which time the live muscle had been killed by drying. 

Recent experiments by F. H. Scott on blood volume and by 
A. D. Hirschfelder on edema confirm the older ideas that the 
transfer of fluid in the mammalian body is largely accounted 
for by filtration and the osmotic pressure of colloids. The 
osmotic pressure of colloids is considered in Chapter VI. 



CHAPTER XI 

ANESTHESIA AND NARCOSIS 

We are familiar with the power of anesthetics in restraining 
the activity of the central nervous system, especially the reflex 
and voluntary activities which they affect in lower concentrations 
than those affecting other organs. Since the higher animals die 
as soon as the activity of the respiratory center ceases, and under 
artificial respiration as soon as the heart beat ceases, it is possible 
in the intact animal to study the effects of anesthetics only on 
certain nerve synapses, i. e., structures whose threshold of 
anesthesia is lower than that of the heart mechanism. Anesthetics 
in higher concentrations suspend the activity of cells and of 
animals lacking a nervous system. Claude Bernard showed that 
ether may prevent the movement of the leaves of Mimosa, a 
sensitive plant. 

Overton (1901) observed that vertebrates, insects, and ento- 
mostraca (small Crustacea) require practically the same concen- 
tration of anesthetic (or the same vapor pressure of volatile 
anesthetic) in order to suspend reflex excitability, whereas cer- 
tain groups of worms require double this concentration. Protozoa 
and plants require, in order to suspend their activities, six times 
the concentration of anesthetic required to anesthetize verte- 
brates. From Warburg's data, the concentration of anesthetic 
necessary to reduce the oxidation of goose erythrocytes 30-70 
per cent is about six times the concentration necessary to anesthe- 
tize vertebrates, although some variation in regard to individual 
anesthetics is apparent. Slight discrepancies might be due to the 
fact that the anesthesia data were taken by Overton on samples 
of anesthetic of a lower degree of purity than those used by 
Warburg to reduce oxidation. It follows from this that protozoan 
and plant cells react to anesthetics, not like nerve synapses but like 
mammalian cells. According to Winterstein (1914), however, 
narcosis of frog's spinal cord may either decrease or increase 
oxidation. 2 is necessary for complete recovery. 
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It appears, therefore, that cells in general require about the 
same concentration of anesthetic to suspend! their activities. Since 
this process seems to be the reverse of stimulation and 1 stimula- 
tion is associated with increase in permeability, we might expect 
anesthetics to prevent increase in permeability. Traube (1908 a) 
observed that isoamyl alcohol, which belongs to a class of sub- 
stances which in high concentration cause hemolysis, at a certain 
low concentration tends to prevent hemolysis of the erythrocytes 
by other agents. 

Lillie (1909 b) observed that pure solutions of certain salts 
cause an outward diffusion of the pigment from Arbacia eggs, 
and interprets this as increase in permeability. He also found 
that anesthetics inhibit this action of the salt (1914, b), so that 
the salt solution + anesthetic may not cause loss of pigment. 
This is in harmony with the recent observation of S. Loewe 
(191 3) that anesthetics decrease the electric conductivity of 
lipoid membranes soaked in salt solution. These results are 
probably due to increase in size of colloidal lipoid particles. 
Clowes (1916) supposes the plasma membrane to be an emulsion 
of lipoid in water that is changed by anesthetics to an emulsion 
of water in lipoid. 

Osterhout (1913 a) observed that small quantities of anesthetics 
added to the sea water decrease the electric conductivity of sea- 
weed. He had already observed that Na increases the conduc- 
tivity and Ca decreases it. Since Ca and anesthetic both inhibit 
the conductivity increasing action of Na, it seems probable that 
the anesthetic in the sea water inhibits the action of the Na 
already in the sea water. It follows from this that anesthetics 
inhibit the increase in permeability to ions. 

Hemolysis consists in the loss of the hemoglobin from the red 
blood corpuscles. Not only does the permeability of hemoglobin 
increase but Stewart (1899) has shown that the permeability 
to ions increases. Arrfienius and Bubonovic observed that anes- 
thetics inhibit hemolysis by hypotonic solutions. Joel (1915) 
showed that anesthetics inhibit the permeability increasing action 
of pure cane sugar solution on erythrocytes. 

The eggs of certain fish are admirable for permeability studies, 
since they develop in distilled water, in which they neither swell 
nor lose salts. It had been observed that the permeability of 
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Fundulus eggs may be increased by certain solutions of salts, 
alkaloids or other substances in concentrations that do not kill 
them (McClendon, 1912 a, e, 1913 a). The eggs of the pike 
behave similarly. These eggs are impermeable to water or to 
salts, but when placed in 0.1 mol NaNO s they lose chlorides, 
which pass out into the nitrate solution and may be accurately 
estimated with Richards's nephelometer. Three per cent ethyl 
alcohol causes retardation in the development of these eggs and 
is therefore considered an anesthetic. If the eggs are placed 
in 0.1 mol NaNO s containing 3 per cent alcohol only half as much 
chlorides diffuse out of them as when placed in 0.1 mol pure 
NaN0 8 . The anesthetic inhibits the permeability increasing ac- 
tion of the pure salt solution (McClendon, 1914 b, 1915 b). 

The skin current of the frog disappears when the skin is an- 
esthetized, indicating that the hypothetical increase in permeabil- 
ity of the outer surfaces of the gland cells during secretion may 
be inhibited by anesthetics. In this case we do not know whether 
nervous stimulants are exclusively the cause of the increase in 
permeability. 
>y It seems clear, therefore, that anesthetics inhibit the increase 
in permeability of the plasma membranes of the irritable ele- 
ments. In order for them to do this it is necessary for them 
to penetrate only the surface film of the cell. But anesthetics 
belong to the group of substances which penetrate cells easily, 
and the question arises as to their effect on the interior. Some 
experiments on catalysis are suggestive. If blood charcoal is 
mixed with a solution of oxalic acid containing atmospheric 
oxygen the acid is burned to C0 2 and H 2 0. Blood charcoal con- 
tains mineral matter, including iron, which is not entirely re- 
moved by extraction with HC1 and we cannot say that it is the 
carbon that acts as the catalyzer. Warburg found that the cata- 
lyzing power of charcoal varies with its power of adsorbing 
oxalic acid, hence the combustion must take place near the sur- 
face of the charcoal. He observed further that anesthetics (of 
the urethane series) inhibit the oxidation, and explained this as 
due to the displacement of the oxalic acid from the surface of 
the charcoal by the anesthetic (which is adsorbed to a greater 
extent than the acid) . The author confirmed these results, using 
charcoal extracted with concentrated HC1 followed by H a O for 
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many hours. This charcoal was heated to redness and cooled 
in a C0 2 -f ree atmosphere. The charcoal adsorbed all of the C0 2 
produced for a time, but after it had become saturated with this 
gas, the volume of 2 used up was half the volume of the CO a 
given out. No food substance was found that could be burned 
in this way. Rona and Tosh (1914) found, however, that ure- 
thane displaces adsorbed dextrose from animal charcoal. 

Meyerhof (1914 b) observed that the catalysis of hydrogen 
peroxide by colloidal platinum may be inhibited by anesthetics. 
Since the anesthetic did not reduce the number of particles of 
platinum seen in the ultramicroscope he concluded that the an- 
esthetic displaced the H 2 2 from the surface of the platinum. 

Meyerhof (1915) showed that solution of invertase from yeast 
may be inhibited by anesthetics. The following table shows the 
concentration of anesthetic that reduced the inversion of 3 per 
cent cane sugar solution 30 per cent: 

Methyl alcohol 3 mol 

Ethyl " 1.3 « 

Propyl " .5 " 

Isobutyl " .27 " 

Isoamyl (fermentation) .21 " 

Methyl urethane .95 " 

Ethyl " .97 " 

Propyl " .48 " 

In this case the Tyndall phenomenon was increased, but this 
may have been due to an increase in the dispersion of light by 
particles, due to their inclosure in films of anesthetic, rather than 
an increase in the size of the particles. In harmony with the 
view that the reduction in activity of the enzyme is due to the 
displacement, by the anesthetic, of the sugar from its surface, 
is the fact that if the concentration of the anesthetic is varied 
its effectiveness follows the typical adsorption curve (Fig. 24). 
The concentration of anesthetic necessary to anesthetize tadpoles 
reduced the inversion about 20 per cent, but this reduction was 
increased by dilution of the sugar solution. 

If the anesthetics are added in greater concentrations to 
enzyme-containing extracts of cells, precipitation may occur. 
The enzymes are carried down in the precipitates, but it is not 
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clear whether the enzyme is precipitated directly by the anes- 
thetic, or protein impurities precipitated' and the enzyme ad- 
sorbed by the protein. Batelli and Stern (1913) showed that 
anesthetics precipitate nucleoprotein. 

Warburg and Wiesel (191 2) observed that anesthetics inhibit 
the fermentation by yeast juice, attributing this inhibition to the 
precipitation of the zymase, since the inhibiting and precipitating 
powers of anesthetics are parallel. However, live yeast requires 
for inhibition less concentration of anesthetic than is required 
by yeast juice (or for precipitation of protein). 

Vernon (1912 a) observed that anesthetics are harmless to 
the indophenol oxidase of chopped kidney until a certain con- 
centration is reached, above which they inhibit its action. The 
data of Batelli and Stern are given in the following table, as 
compared with the anesthetization of tadpoles by Overton and 
the reduction of the respiration of sea urchin eggs, fish sperm, 
goose erythrocytes, lymphocytes, liver cells, spinal cord, yeast 
and bacteria 30-70 per cent, by Warburg. The figures are the 
gram molecular concentrations : 

Inhibition of 
Inhibition of Precipitation Anesthesia respiration 
oxidation ofnucleo- of tadpoles, of cells, 
at 1 5 . proteid. Overton. Warburg. 

Methyl alcohol ir.44 12.48 . 0.62 5 

Ethyl alcohol 6.12 6.97 0.31 1.6 

Propyl alcohol 2.04 2.72 0.11 0.8 

Isobutyl alcohol 1,06 noppt. 0.045 0.15 

Isoamyl alcohol 0.41 noppt. 0.023 0.045 

Acetone 5.70 4.34 0.26 

Methylethylketone 2.22 2.41 0.09 

Methylpropylketone 0.77 noppt. 0.019 

Allyl alcohol 2.70 4.05 

Etihyl urethane 1.90 2.58 0.037 0.33 

This table shows that about six times the concentration of an- 
esthetic effective on tadpoles is required to inhibit the respiration 
of goose erythrocytes. Gros (1910) found the same thing true 
for the anesthesia of peripheral nerves. It seems, therefore, that 
the nerve cells of the tadpoles are not anesthetized, but the 
synapses are in the same condition as during sleep. For anes- 
thetization of nerve cells and reduction of the respiration of 
goose erythrocytes the same concentration is required, but for 
inhibition of the oxidases and precipitation of protein in Batelli 
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and Stern's experiments more than double this concentration is 
needed. In fact, the concentration used by Batelli and Stern is 
much above the lethal dose for cells. Warburg (1911 a) ex- 
plains the fact that anesthetics inhibit enzymes, when contained 
in living cells, in lower concentrations than the same anesthetics 
inhibit the same enzymes in cell extracts, by the assumption that 
the enzymes within the cells are adsorbed to phase boundaries, 
the anesthetics becoming more concentrated at the phase boun- 
daries. If this explanation is correct we must make the further 
assumption that the enzymes in the cell extracts referred to are 
in true solution, whereas the invertase used by Meyerhof formed 
a colloidal solution because the invertase was inhibited by as 
low a concentration of anesthetic as is required to inhibit the 
respiration of the erythrocytes. 

Although Batelli and Stern claim that anesthetics precipitate 
proteins Traube and Kohler (1915) and Traube (1915) assert 
that anesthetics help in the solution of proteins. In the follow- 
ing table they have arranged anesthetics according to their power 
of hastening the swelling and solation of gelatine jelly (ar\d re- 
tarding gelation of sols). It is found that they are with few 
exceptions in the order of anesthetic power, as shown by the 
figures in the last column, which represent the molecular concen- 
tration for anesthesia. 

Anesthetic concentration 
Anesthetic (Overton) 

Plhenanthren 0000037 

Thymol 000055 

Naipthaline 000065 

Chloroform 0014 

Chloral hydrate (acid) 006 

Ethyl ether 001 

Ethyl chloride .0045 

Sulfonal 0088 

Trional 0064 

Isoamyl alcohol 023 

Ethyl urethane 041 

Isobutyl alcohol 045 

Methylethyl ketone 09 

Ethyl acetate (acid) 03 

Proprionitrile 

Tert. amyl alcohol 057 

Propyl alcohol 11 

Acetone 26 

Etihyl alcohol 39 

Methyl alcohol 57 
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Perhaps the anesthetics protect the gelatine from the precipi- 
tating action of accidental impurities. On the contrary, if im- 
purities hold a protein in solution the anesthetic might then help 
precipitate the protein. This may explain the opposite effect 
of anesthetics on nucleoprotein solutions. 

This action of anesthetics in displacing other substances from 
the surface film probably explains the observation of Abl (1907) 
that they reduce the electrolytic solution tension of cadmium, 
and the observation of Grumbach (1911) that they reduce the 
xontact potential between dielectric and electrolyte. 

* The action of anesthetics on living cells may be explained by 
the same assumption, i. e.» that they cover the plasma membrane 
with a film which protects it from change, entering the cell and 
displacing enzymes or reacting substances from the phase boun- 
daries where these reactions occur more rapidly than elsewhere. 
The synapses that have to do with consciousness are more sensi- 
tive to anesthetics than are either plasma membranes or these 
enzyme reactions. Hence, it requires only one-sixth the concen- 
tration to anesthetize that it requires to inhibit other processes. 

•* This hypothesis also explains the relation between anesthetic 
power and surface tension as emphasized by Traube, who states 
that the more an anesthetic lowers the surface tension of water 
the greater is its anesthetic power. This is nearly correct, due 
to the fact that anesthetics that lower the water-air surface ten- 
sion are adsorbed to many water-solid or water-liquid surfaces. 
According to Overton (1901) and H. Meyer (1901), anes- 
thetic power varies with the partition coefficient of the anesthetic 
between lipoid and water. This partition coefficient has never 
been determined, but these authors have been content with the 
partition coefficient between olive oil and water or between some 
solution of lipoid and water. In many cases even this was not 
determined, but the ratio between the solubility in lipoid solu- 
tion and in water substituted. Owing to the concentration at 
the phase boundary, these two magnitudes are probably never 
the same. But it seems generally true that substances which 
very greatly lower the surface tension between water and air, 
have a high partition coefficient between oil and water and are 
therefore soluble in oil — they are also soluble in many other 
organic solvents. The "Solubility" of an anesthetic in lipoid 
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"solutions" seems to be due to the fact that it is adsorbed by 
the colloidal particles of lipoid so that the solution can hold more 
anesthetic than the solvent (benzol, etc.) can. Thus we see that 
adsorption is at the basis of the whole matter. 

In some cases the partition coefficient of the anesthetic between 
cells or tissues and water has been determined. Warburg, by 
this means, concluded that the erythrocytes consist of a larger 
volume of watery phase than of lipoid phase. 

It has been shown by a number of investigators that alcohol, 
ether, chloroform, chloral hydrate and acetone become more con- 
centrated in nerve than in other tissue, this being used to explain 
the ease with which the central nervous system may be anesthe- 
tized. The nervous system, however, stores the anesthetic partly 
in lipoids which are more abundant in the white matter, forming 
the myelin sheaths of the nerves, and the nerves are no more 
easily anesthetized than non-nervous cells (Gros). Nerve im- 
pulses are still carried in the anesthetized body, only certain 
nervous processes being stopped, as in sleep. This stoppage may 
be explained by the assumption that certain synapses are affected 
by the anesthetic. 

It is characteristic of pure anesthesia that it is a reversible 
process, brought about only by a certain concentration of anes- 
thetic. Many anesthetics, even in the optimum concentration, 
have not only an anesthetic but also a toxic action, so that pro- 
longed anesthesia is harmful. This is characteristic of all anes- 
thetics with acid or basic properties, the alkaloids, for instance, 
whose chemical affinity may explain their selective action on cer- 
tain cell structures. Other anesthetics are decomposed in the 
body into harmful substances. Esters are saponified with the 
liberation of acids. 

But even the purest types of anesthetics are toxic if the anes- 
thetizing dose is exceeded (provided they are sufficiently soluble 
to exceed this dose). This toxic action is manifested by increase 
in permeability, which is reversible only if very slight and mo- 
mentary. The action of anesthetics in these high concentrations 
will be considered in the chapter on antiseptics and in other 
chapters. 

When ether is given to an animal, a stage of excitement some- 
times precedes that of narcosis. This fact is open to various 
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interpretations in an animal with a cerebrum, but Hamburger 
(1912) observed that ameboid motion is increased by minute 
doses of anesthetics. Johannsen (1906) observed that lilacs 
sprout earlier after treatment with ether vapor. Further ex- 
amples of the stimulating action of anesthetics are given by Carl- 
son (1906), Vernon (1912), Tashiro and Adams (1914), Lee 
(1903), and Lee and Salant (1902). The possibility is not ex- 
cluded, therefore, of three concentrations of anesthetics pro- 
ducing three kinds of responses: first, stimulation; second, 
narcosis, and third, violent stimulation causing death if continued. 
The following table (modified from Lillie, 1916 c) summarizes 
the effect of anesthetics (alcohols) on various processes, giving 
the effective mol concentration. 



1 



Effect Methyl Ethyl Propyl Butyl i-Amyl 

Narcosis of tadpoles (Overton) 0.57 0.29 0.11 0.038 0.023 

Pihototropism of Daphnia (Loeb) 0.6 0.2 0.075 0.04 

Inhibition of sea urchin eggs (Fuhner) 0.72 0.41 0.136 0.045 

'Retardation of fisfti eggs (McClendon) — 0.52 0.015 

Half rate of turtle ventricle (Vernon) 1.1 0.53 0.23 0.05 0.02 

Narcosis* of Daphnia (Loeb) 1.2 0.6 0,2 0.12 0.04 

Inhibition of sea urchin eggs (Lillie) . . 0.87 0.27 0.086 0.037 

Narcosis of worm larvae (Lillie) ' 2.2 1.1 0.34 0.09 003 

Depression of invertase (Meyerhof ) ... 3.0 1.3 0.5 0.27 0.21 
Half oxidation in erythrocytes (War- 
burg) 5.0 1.6 0.8 0.15 0.045 

Ppt. nucleoproteid (Batelli and Stern) 5.7 2.38 1.12 045 0.21 

Inhibition of ether-yeast (Warburg).. 5.0 3.5 1.3 0.54 0.23 

Kills muscle oxidon (Batelli and Stern) 7.54 3.57 1.16 0.44 0.19 

Kills tndophenol oxidase (Vernon) 12.0 64 3.1 0.61 

Reduce surface tension to 0.5 14.0 5.0 1.6 046 0.14 



CHAPTER XII 

CYTOLYSIS AND DISINFECTION 

The first action of many toxic substances on cells is the de- 
struction of the plasma membrane. The cell is then no longer 
influenced by the osmotic pressure of the medium but may swell 
or shrink as any other colloid mass, depending on certain condi- 
tions. Animal cells after destruction of the plasma membrane 
usually swell and disintegrate, a process known as cytolysis, 
meaning the dissolution of the cell. It seems probable that death 
of all cells is accompanied by cytolysis, but that other processes 
sometimes mask the cytolytic changes. Thus, in the histological 
fixation of cells the protoplasm is transformed into a stable mass 

s 

immediately after the destruction of the plasma membrane, so 
that no swelling or shrinking follows the increase in permeability. 
Since cytolysis means death of the cell, all cytolytics .may be 
used as antiseptics, destroying at least the active forms of micro- 
organisms. 

The indifferent anesthetics, when their concentration exceeds 
that necessary for the inhibition of cell activities, increase the 
permeability of the plasma membrane. This increase, if slight 
and momentary, may be reversible, at least in some cases. If 
the semipermeability of the cell is entirely removed, cytolysis 
and death occur. For this reason anesthetics have an antiseptic 
action. Some active cells are more resistant to anesthetics than 
others, the spores of bacteria usually not being killed, but merely 
prevented from germinating so long as the anesthetic is present. 

The fact that anesthetics increase the permeability of cells 
is illustrated by the fact that they accelerate autolysis. If tissue 
is cut off from the blood supply, either by ligature of the vessels 
or by removal from the body, and kept free from germs, it 
digests itself, a process known as autolysis. Certain substances 
accelerate autolysis. Chiari (1909) observed that ether accel- 
erates autolysis. Hans Meyer (1909) explained its action as 
an increase in permeability of the tissue, allowing the contact 



VITAL PHENOMENA 143 

of protease with protein and a general diffusion and mixing of 
the substances in the tissue. 

The cytolytic and antiseptic power of anesthetics varies with 
their power of penetrating into the plasma membrane substance, 
and hence varies approximately with their power of lowering 
the surface tension of water. Solutions of the same surface 
tension are called isocapillary solutions. It was found that iso- 
capillary solutions of ether, alcohols, and acetone just caused 
death of Fundulus eggs, with increase in permeability (McClen- 
don, 1912 a). Czapek (1910) observed that indifferent anes- 
thetics just caused death and increased permeability of plant 
cells when they lowered the surface tension of water to .68. 
Scheurlen (1896) observed that NaCl increases the toxicity of 
phenol. This may not be an additive effect, as NaCl may reduce 
the surface tension of phenol solutions in the same way that it 
reduces the surface tension of bile (Allen, G. D., 1915 a). 

It seems, therefore, that the toxicity of all indifferent anes- 
thetics depends on the concentration and that the concentration 
of the anesthetic in the plasma membrane is the only variable. 
With other substances, however, this is not the case. If the 
anesthetic is of such nature as to be chemically active in the 
ordinary sense (not through residual valences) it is more toxic 
than should be from the surface tension of its solution. Sub- 
stances with basic, acid, reducing or oxidizing properties are 
especially toxic, ammonia, phenol, formaldehyde and H 2 2 being 
examples. But the acidity of phenol is not high enough to ac- 
count for its toxicity, and formaldehyde, besides having a re- 
ducing action, forms additive compounds with protoplasm in the 
same way that it combines with ammonia to form hexamethylen- 
tetramine> 

The toxicity of cations varies inversely with the electrolytic 
solution tension, therefore the following series arranged in de- 
creasing order of solution tensions is for the most part in in- 
creasing order of toxicity : Cs, Li, Rb, K, Na, Ba, Sr, Ca, Mg, 
Al, Mn, Zn, C4, Sn, Fe, Tl, Co, Ni, Pb, (H), Ais, Cu, Bi, Sb, 
Hg, Ag, PI, Pt, Au. 

Mathews (1904 a) found the order of toxicity of salts of 
these ions on Fundulus eggs to be Mn, Fe, Co, Ni, Zn, Pb, Cd, 
Cu, Hg, Ag, Au. It may be noticed that Zn and Cd are out of 
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the place they occupy in the series of electrolytic solution ten- 
sions. The ZnCl 2 used was more toxic than it should be, owing 
probably to hydrolysis, by which the solution became acid. The 
great toxicity of the CdCl 2 is probably not due entirely to the 
cadmium ion but partly to the unusually large proportion of un- 
dissociated molecules which are easily adsorbed. 

In estimating the toxicity of ions, the degree of ionization 
must be calculated. The addition of large quantities of some 
electrolytes to solutions of some heavy metals inhibits the ioniza- 
tion of the latter by the formation of double salts. If Nad is 
added to Hgd 2 solution, Na 2 HgCl 4 is formed, which is very 
poorly dissociated by steps, forming: Na - and NaHgCl/, Na' 
and HgCl/', Hg" and 4CI'. The number of Hg ions formed 
is very small and the addition of quantities of NaCl reduces it 
to a vanishing magnitude. 

The addition of NaCl increases the solubility of HgCl 2 but not 
the concentration of Hg". If solid HgQ 2 is shaken with water, 
the salt dissolves until there is an equilibrium between the solid 
phase and the undissociated molecules in solution. Some of 
these molecules dissociate, thus disturbing the equilibrium, and 
more of the solid dissolves to restore it, until a second equilib- 
rium is established between the ions and the molecules. This 

[Hg"]X[Cl'] 

equilibrium is expressed by the equation = a con- 

[HgCl 2 ] 

stant, but since the concentration of the undissociated molecules 
is constant so long as there is any undissolved salt, the equation 
becomes [Hg"]X[Cl'] = a constant. If we add Hg (NO s ) 2 , 
thus increasing the concentration of Hg ions* this solubility 
product will be exceeded and some Hg" and CI' will combine, 
the additional HgCl 2 thus formed crystallizing out. If, on the 
contrary, we add NaCl, the CI' will in the same way lower the 
, solubility of Hg ions, but the Na" combines with the Hg and CI 
ions forming Na 2 HgCl 4 , thus removing them, more HgCl 2 disso- 
ciates, and more bichloride dissolves. This process is continued 
until the solution is saturated with Na 2 HgCl 4 . The concentra- 
tion of HgQ 2 at equilibrium is the same as before, but the con- 
centration of Hg ions decreases when the concentration of CI 
ions increases, since their product is constant The solution 
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loses most of the Hg ions if the concentration of the NaCl is 
high, but gains the Na 2 HgCl 4 , which more than compensates 
this loss, so that the total Hg in solution is greater than before. 

Although the solubility of HgCl 2 is increased by the addition 
of Nad, and the mercury may be used in greater concentration, 
this does not mean that the toxicity is increased. The question 
as to whether the ions or molecules are the more toxic must 
first be answered. This seems to vary with the duration of the 
exposure to the poison, as shown by the following experiments : 

Paul and Kronig (1896) determined the disinfecting power 
of differently dissociated salts of mercury on Anthrax spores. 
Those salts which are poorly dissociated are less toxic than those 
which are more completely dissociated. In other words, the 
toxicity depends chiefly on the mercuric ions. The following 
table shows the number of colonies that developed after ex- 
posure to the toxic solutions: 

Salt After 20 min. • After 85 min. After 90 min. 

concentration exposure exposure exposure 

HgCl, 1/64 mol 7 colonies o colonies 

HgBr, 1/64 34 o 

HgCy, 1/16 00 33 

iQigCU 1/16 colonies 

K,HsBr 4 1/16 5 

K,H®I 4 1/16 389 

K a HgCy 4 1/16 1035 

The same rule had previously been found by Kahlenberg and 
True (1891) to apply to the toxicity of copper salts, and sfeems 
to be approximately true of all heavy metals. It is only ap- 
proximately true because the molecules are toxic, although not 
so toxic as the ions, during brief periods of exposure, and the 
rule does not hold for prolonged exposure. 

If salts of heavy metals are allowed to act on organisms for 
a long time, their toxicity is approximately proportional to the 
total quantity of the heavy metal they contain. Stevens (1898) 
and Clark (1899) grew Penicillium and Aspergillus in such solu- 
tions, finding that the inhibition of growth is approximately pro- 
portional to the quantity of the heavy metal, without regard to 
the combination in which it exists. It is probable that the heavy 
metal ions combine with the protoplasm, thus leading to further 
dissociation of the salt until all is dissociated and combined. 



146 PHYSICAL CHEMISTRY 

This seems to be the action of organic preparations of heavy 
metals such as "argyrol." 

The toxicity of each cation may be decreased more or less by 
certain other cations. For this reason, the toxicity of a salt 
is reduced when it is added to solutions containing other salts 
(as is always the case where it is desired to disinfect). Only 
the most toxic salts, therefore, are reliable for disinfection. 
Copper salts may be used in some cases but salts of mercury 
are better. The salts of the precious metals are the most reliable. 

The salts of the lighter metals may be toxic, especially if their 
solutions are pure and kept pure by replacing the contaminated 
solution with fresh ones. Some discrepancies seem to exist be- 
tween the solution-tension series and the toxicity series, but 
these would probably be lessened if all of the salts were abso- 
lutely pure and if some indifferent substance could be found 
to equalize the osmotic pressure. Hober (1908 a) studied the 
relative efficiency of slightly hypotonic solutions in causing 
cytolysis of erythrocytes (hemolysis). The ionic series with 
increasing hemolytic power is as follows: 

S0 4 <C1 <Br <NO a <CNS <I and 
Li, Na <Cs <Rb <K 

Lillie (1909 a) observed the same anionic series for the 
cytolysis of sea urchin eggs, but Na' was more toxic than K\ 
The same anionic series was found to hold for the cytolysis 
(dissolution) of cilia (Lillie, 1909 c; Hober, 1909 b), but the 
cationic series is different for different species of animals. In 
general, it may be said that the iodides of the alkali metals, 
when pure, exert a cytolytic action. 

It has been shown by Kahlenberg and True (1896) and others 
that the toxicity of strong acids depends on the concentration 
of the hydrogen ions. Mineral acids cause death of seedlings 
and cytolysis of many plant cells when the concentration exceeds 
1/6400 normal. For disinfection .in or stronger solutions may 
be used. 

The toxicity of the weak acids depends on several factors, 
so that no general rule may be made in regard to them. Their 
power of reducing the surface tension of water is the index of 
one factor. Acetic acid and sulphurous acid are used in dis- 
infection. 



OF VITAL PHENOMENA 147 

The toxicity of the strong bases depends on the hydroxyl ion 
concentration. These are seldom used for disinfection because 
they are neutralized by the C0 2 of the air. Quick lime is used 
more for its drying power and the toxicity of the Ca ions, than 
for the toxicity of the OH ions. 

The weak bases are similar to the weak acids in that their 
power of reducing the surface tension of water must be con- 
sidered. Some of them, such as quinine and strychnine, are 
especially destructive to certain protozoan parasites. 

Solutions of soap are alkaline, due to hydrolysis. Soap lowers 
the surface tension of water enormously and has a marked 
cytolytic action. It destroys the free forms of many bacteria. 

We may summarize some of the disinfectants as follows : 

Anesthetics. Alcohol, 50-70%. Phenol 5%, 24 hrs. ; Cresol 

5%, 2 hrs. 
Oxidizers. H 2 2 1%, 30 min. Cl 2 ; Br 2 ; I 2 . 
Reducers. Formaldehyde, S0 2 . 

Strong acids. 0.1 normal 15 minutes. 
Weak acids. Acetic, concentrated. 
Strong bases. Ca ( OH ) 2 ( dehydrating ) . 
Weak bases. Quinine. 
Soaps. 
Heavy metals. HgCl 2 ; Cacodylic acid AgNO s Argyrol; CuS0 4 ; 

Salvarsan. 



CHAPTER XIII 

AMEBOID MOTION AND TROPISMS, CELL DIVISION, 
FERTILIZATION AND PARTHENOGENESIS 

It was shown by Quincke that movements of drops of fluid, 
resembling ameboid motion, could be produced by localized 
changes in surface tension. A local reduction in surface tension 
produces a protrusion of the affected surface — a localized increase 
produces a flattening. By a combination of such changes in sur- 
face tension, combined with adhesions to the substratum and to 
food particles, Rhumbler (1905, 1910) has imitated all forms of 
ameboid motion. 

In imitating food taking, Rhumbler found that his artificial 
amebae would take only such food as adhered to them. A chloro- 
form drop would engulf a piece of shellac but not take a piece 
of glass. If a piece of glass is coated with shellac, the chloro- 
form drop will engulf it, but after the shellac is dissolved off 
it will reject the glass. In this way the process of defecation 
by the ameba is imitated. Such a process also imitates the shell 
building of some protozoa. These shells are formed of defecated 
particles which cover the surface of the protozoon. If chloro- 
form is shaken with powdered glass and dropped into water, 
the drops are found to be surrounded by shells composed of 
particles of glass. 

The ameba apparently does not adhere to all of the food that 
it takes, shown by the fact that it often takes in a quantity of 
water with the food particle. The iood is separated from the 
protoplasm on all sides by water, and thus, after ingestion, comes 
to lie in a food vacuole. Bernstein (1900) was able to make 
an artificial ameba take food to which it did not adhere. A drop 
of mercury was immersed in dilute nitric acid and a crystal of 
potassium bichromate held near it. As soon as some dissolved 
bichromate reached the mercury the surface tension was reduced 
and the mercury moved toward' the crystal. The momentum of 
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the mercury Was often so great that it engulfed the crystal. This 
experiment is crude, the movement being very rapid and the 
crystal immediately tKrown out after being ingested. 

In order to explain the food taking of the ameba, a still further 
localization of surface tension changes must be assumed'. If we 
assume that a substance diffuses from the food, which in very 
low concentration causes a reduction in surface tension of the 
ameba, but in higher concentration causes an increase in the 
surface tension, we can explain this form of food taking. When 
the ameba comes within v. the sphere of influence of the food its 
surface tension is reduced on that side, and it advances or sends 
a broad pseudopod toward the food. The center of the advancing 
edge of the ameba comes so close to the food that its surface 
tension is increased and its forward motion is stopped. On each 
side of this central area, the protoplasm continues to advance 
and finally forms a ring around the food. The upper and 1 lower 
edges of this ring constrict and thus enclose the food together 
with some water in a hollow sphere of protoplasm. 

Quincke (1888 a) supposed the surface of protoplasm to be 
of an oily nature, and hence soap should lower the surface ten- 
sion. It was found, however, that soap, no matter what the con- 
centration, always increased the surface tension of the ameba, 
when it had any effect at all (McClendon, 191 1 c). Since no 
phase (boundary is known whose tension is increased by the pres- 
ence of soap in either phase, some indirect action of the soap 
must be looked for. 

Lippman showed that electrical polarization of a phase boun- 
dary reduces the surface tension, and that reduction of this 
polarization increases the surface tension. We have seen that 
there is abundant evidence to show that the plasma membrane 
of living cells in the resting condition is electrically polarized, 
and that increase in permeability reduces this polarization. In- 
crease in permeability, therefore, increases the surface tension 
of cells. This is demonstrated by the rounding up of an ameba 
when it is strongly stimulated. If this stimulation is accom- 
panied by increase in permeability, as in the case of certain plant 
cells, and apparently in the case of the muscle cell, we should 
expect a reduction of the electrical polarization, increase in sur- 
face tension, and an approach toward the spherical form. 
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That the surface of the ameba is electrically polarized is shown 
by the fact that the ameba moves toward the anode in an electric 
field, but this fact does not prove whether the electrical polariza- 
tion is due to semipermeability or to the electrical polarization 
of the colloidal particles of which the surface of the ameba is 
composed. The movement in the electric field (electric convec- 
tion) may be abolished, or reversed, by adding H ions or certain 
heavy metal ions to the medium. These ions influence the per- 
meability as well as the electric polarization of colloidal particles. 
The former is certain, and it is simplest to assume that the 
change in polarization is the result of the change in permeability 
alone, and not the combined effect of change in permeability and 
adsorption. The permeability hypothesis explains a number of 
physiological processes and is in harmony with a larger number 
of facts than any other. 

All of those agents which stimulate muscle, or nerve cause a 
rounding up of the ameba. We may interpret this approach to 
the spherical form as due to increase in the tension of the plasma 
membrane, following decrease in polarization, which is the result 
of increase in permeability or the disappearance of the semi- 
permeability to certain ions or classes of ions. We should, there- 
fore, expect most of the tropisms of the ameba to be negative, 
as is found to be the case. The ameba avoids the region from 
which a strong stimulus comes because the permeability and 
surface tension of the plasma membrane on that side is increased 
and the protoplasm flows in the opposite direction. 

It is more difficult to explain positive tropisms, since decrease 
in permeability has 'been less often measured. But permeability 
being a relative term, decrease in permeability in one region has 
the same effect as increase in permeability in all other regions. 
Osterhout found that the permeability of kelp in calcium salt 
solutions is less than in sea water. This may be due to the fact 
that the sodium of the sea water increases the permeability and 
that the excess of Ca antagonizes the action of the sodium in 
the sea water, preventing this increase and making it appear 
that the calcium decreases it. We may assume that salts or 
other substances in the water tend to increase the permeability 
and that substances which antagonize their action cause positive 
tropisms. 
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The action of an electric field on an ameba on a substratum 
is in harmony with this view. The anions within the ameba are 
massed on the inside of the plasma membrane toward the anode 
because they cannot pass through it. When they have accumu- 
lated to a sufficient concentration they act as a stimulus, increasing 
its permeability, and the ameba moves toward: the cathode. This 
is not due to electric convection, since a suspended ameba is 
carried toward the anode by this means, electric convection being 
anodic whereas galvanotropism is cathodic. 

We may explain the irregular movements of the ameba when 
not under a single directive stimulus as due to varying and local- 
ized influences of the environment on its permeability, or to 
localized variations in its metabolism, resulting in variations in 
the production and concentration of the electrolyte responsible 
for the electrical polarization. 

Certain substances dissolved in the medium increase and others 
decrease ameboid movements although the mechanism of their 
action is not known. Hamburger (1912) observed that anes- 
thetics in certain low concentrations increase the ameboid motion 
of leucocytes. He found that a saturated solution of iodoform 
had the right concentration, and hence its efficacy in salves in 
increasing phagocytosis. This explanation rests on the assump- 
tion that the phagocytic action of the leucocytes varies with their 
ameboid activity. Substances which increase their phagocytic 
action were called opsonins by Wright, but whether such sub- 
stances have their primary effect on the leucocytes or the bacteria 
seems undecided. 

Ross (1911) claims that alkaloids increase ameboid move- 
ments. 

The idea that gelation and solation, and swelling and shrinking 
of gels are factors in ameboid movements was first expressed by 
Montgomery (1878, 1881), being more recently advanced by 
Rhumbler and others. 

The contractile vacuole seems to be an organ of defense of 
the ameba against the swelling action of the hypotonic medium. 
Hartog has shown that it is universal among fresh water amebas 
but may be absent in parasitic and marine forms. It may be 
remarked, however, that even some phagocytes in exudates have 
contractile vacuoles. 
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Rhumbler (1898) made a model of a contractile vacuole in 
the following manner. A drop of chloroform (not freed from 
alcohol, and that had become acid) was immersed under water. 
A cloud of water droplets appeared within the chloroform and 
fused to one drop which burst. 

The word tropism if used in strict accordance with its deriva- 
tion would be confined to the multicellular and syncytial plants, 
but it has been extended to unicellular plants and to animals as 
well. For instance, the roots of plants are influenced by gravity. 
If moved out of the normal relation to gravity the tip bends 
back until the normal relation is regained. Starch grains in cer- 
tain cells near the root tip are acted on by gravity and seem to 
act as otoliths stimulating the cells when the root is placed in 
an abnormal position. 

Engelmann (1882) showed that the sw&rm spores of many 
green plants are influenced in their movements by external agents. 
He called these reactions to the environment tropisms, although 
the reaction is not a growing into a new position,, but a turning 
movement or change in the direction of swimming. 

Loeb (1889) has attempted to show that the tropisms of ani- 
mals are the same as those of plants. This is largely a philo- 
sophical question, since the tropisms of plants are very 
imperfectly understood, and there is no consensus of opinion 
as to the dividing line between plants and animals. 

Loeb distinguishes tropisms and sensibility to change, defining 
tropisms as the direct action of the- environment on the motor 
organs, producing a direct and correct response. It should be 
added, however, that he also considers the reactions of certain 
insects to light as tropisms but cannot assume that the light acts 
directly on the muscles, the distinguishing characteristic being 
that the movements are forced. Even the behavior of vertebrates 
is sometimes described as tropism. Selachians do not seem to 
possess much intelligence since they butt their heads to pieces 
on the glass of aquaria until they die. All of their reactions are 
not simple, however. The author has often observed the rays 
of Mission Bay, San Diego, Cal., escape after being discovered. 
The ray moves along the bottom leaving a trail of muddy water, 
then doubles under this curtain and finally darts out at a new 
place. 
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Jennings (1906) .has shown that the movements of certain 
protozoa, that had been considered -tropisms, are complex activ- 
ities in which sensibility to change takes a leading part. Parame- 
cium, when stimulated sufficiently by a change in the environment, 
reverses some of its cilia, so that it moves a short distance back- 
ward and the spiral course of its movement is widened. Being 
removed from the acute stimulation, it starts forward 1 again from 
some segment of the spiral. The fact that the spiral is widened 
during the backward movement causes the course to be altered 
when the forward course is resumed. If this new course leads 
to a second stimulation the whole process is repeated. This repe- 
tition is continued until the animal ceases to be stimulated. 
Jennings calls this a case of "trial and error," thus showing 
a relation to the reactions of man. The distinction between 
tropism and trial and error is a philosophical one. There is no 
trial in the teleological sense and the cause of error will not be 
known until the mechanism of the reaction is understood. Trial 
and error has the same significance as chance in the laws of 
chance. -Chance is merely a name to express ignorance of un- 
known factors. Only where these factors have some constant 
numerical relation to one another, is there a law of chance. 

The question arises whether in Paramecium the stimulus acts 
directly on the motor organs, cilia. Since any strong stimulus, 
no matter from what direction, causes the same motor response, 
it would seem that there is some coordinating mechanism for 
the ciliary movement, or at least that the stimulus is propagated 
over the body of the Paramecium. Since the stimulus is propa- 
gated over the cells of sensitive plants without a special con- 
ducting mechanism, there is no reason to suppose that the same 
thing might not be true of animals. Nemec describes a conduct- 
ing mechanism in plants, but this has been shown to be an arte- 
fact (McClendon, 1910 b). Neresheimer describes a conducting 
mechanism in infusoria, but this also is doubted. 

The ameboid movements just described might properly be 
classed as tropisms, but even in the ameba there seems to be 
some evidence of the transmission of stimuli over the plasma 
membrane (McClendon, 1909 a). 

The reactions of protozoa to constant electric currents seem 
to harmonize with the idea that tropisms are forced movements. 
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Galvanotropism cannot be explained away as electric convection 
since the galvanotropism of the ameba is cathodic, whereas the 
electric convection of the ameba that is unable to reach and catch 
hold of the substratum is anodic. Ludloff (1895) showed that 
the galvanotropism of Paramecium is a forced movement, the 
cilia toward the cathode being reversed, and causing a turning 
toward the cathode. Since any strong stimulus causes reversal 
of cilia, this observation shows that the Paramecium is stimu- 
lated at the cathode, even by a constant current. Dale (1911) 
has studied galvanotropism in a number of species of infusoria. 

The direction of tropisms has been reversed by change in 
viscosity, reaction, or temperature of the medium, and by the 
addition of neutral salts, acids and anesthetics. Some reagents 
employed, such as C0 2 and alkaloids, change the reaction but 
their action may not be due to H ions. Wo. Ostwald supposes 
that a change in viscosity that reduces the efficiency of the motor 
organs changes negative geotropism into positive geotropism. 
If this is true, the head of the animal must already be pointed 
away from the earth, in order that positive geotropism take 
place. Furthermore, negative geotropism would be analogous 
to the effect of a strong constant electric current which carries 
the Paramecium to the anode while its head is toward the cathode. 
Such a change from positive to negative geotropism is not what 
is usually meant by a reversal of tropism, which is made to 
imply a reversal of orientation. Some writers use the word 
taxis since it means orientation, but tropism, meaning a growing 
and borrowed from plant physiology, has come into general use. 

Bancroft (I906) attempted to identify reversal of tropisms 
of Paramecium with the antagonistic actions of Ca to Na, claim- 
ing that the direction of tropism is determined by the ratio of 
Ca to Na. 

We have attempted to explain ameboid motion, and conse- 
quently tropisms of the ameba as due to local increase in per- 
meability. The ameba recedes from the side on which the 
permeability is increased. The agent causing positive tropism 
must therefore shield the ameba from stimuli. The movements 
of plants are caused by increase of permeability, and Trondle 
(1910) and Lepeschkin (1908) have shown that light increases 
the permeability of plants to salts and dextrose. 
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The geotropism of roots has been supposed to be due to the 
action of starch grains in the cells as statoliths. According to 
Czapek ( 1902) homogentisinic acid is produced in geotropic root 
tips and phototrqpic sprout tips, but the mechanism of its action 
is not clear. 

Loeb has shown that phototropism obeys the Bunsen-Roscoe 
(1862) law. That is to say, the time required to induce a re- 
action is inversely proportional to the intensity of the light. 

The perception of light is perhaps beyond the pale of physical 
chemistry at present. It should be noted, however, that many 
of the devices used in photography were first used in the con- 
struction of the eyes of animals. Even the "Lumiere" plate for 
color photography is represented by the retina of turtles and 
diurnal birds, which is covered with red and orange oil droplets. 
These are absent in the eyes of nocturnal birds (Winterstein, 
1910 iv 577). The rods and cones beneath a red oil drop can 
be affected by red rays only and those beneath a yellow drop 
by yellow rays only, whereas those not covered by oil drops 
would be affected chiefly by the more effective blue rays. In 
this way a mechanism for color vision is provided, but whether 
it functions as such has not been determined. 

One striking characteristic of the behavior of organisms and 
parts of organisms is their periodicity. The human body shows 
a diurnal periodicity that is perhaps most strikingly demonstrated 
in fluctuations in temperature, being coldest some time near 
3 A. M. and warmest about 10 A. M. Each organ has its char- 
acteristic periodicity, respiratory center 16 and heart J2 per 
minute and the motor ganglia 50 per second. It is not always 
easy to determine what factors determine the period when it is 
very long. The Atlantic Palolo worm (Eunice fucata) comes 
out of its hole to liberate the genital segments before dawn on 
the last quarter of the moon between June 20 and July 25. The 
light or tide of the last quarter are unnecessary (A. G. Mayer). 
It is possibly the light of the full moon that prevents it from 
swarming too soon (some swarmed near full moon this year 
but another swarm occurred on the last quarter; it was not ob- 
served whether the full moon was overcast). 

According to Bohn (1914) snails taken far from the sea- 
shore maintain a rhythm synchronous with the tides for a con- 
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siderable period. This rhythm must be due, therefore, to 
metabolic changes, in the same way that the rhythm of the organs 
of the human body is maintained. Various physical models have 
been made showing periodicity, perhaps the most interesting of 
which are the periodic catalysis mechanisms of Bredig and his 
pupils. Under certain conditions mercury causes the decomposi- 
tion of H 2 2 , and this in turn causes a film of oxide to form 
on the mercury. In these models the film breaks periodically 
and is reformed. If a crack appears in the film the potential 
difference between mercury and oxide dissolves the film elec- 
trolytically. The surface tension of the mercury differs from 
that of the oxide, so that surface tension movements as well as 
catalysis are produced (see Bredig, 1907, B. and Fajans, 1908, 
B. and Fiske, 1912, B. and Weinmayr, 1903). 

Cell Division 

Cell division in animal cells seems to be a special form of 
ameboid motion, and many cells show irregular ameboid move- 
ments immediately before division. It is thought by some in- 
vestigators that t^ie division of the nucleus is necessary before 
division of the cytoplasm can take place. On the contrary, it 
was found that the cytoplasm of cells from which the nuclei 
were removed is capable of division (McClendon, 1908). The 
unfertilized starfish egg may be caused to divide by immersing 
it in sea water charged with C0 2 , as will be described later. The 
nuclei (maturation spindles) were removed from starfish eggs 
and immersed in carbonated' sea water, developing imperfect 
mitotic figures (cytasters) and dividing into spherical masses of 
protoplasm. In the parthenogenetic frog's- egg, to be described 
later, the cytoplasmic division commences an hour or more be- 
fore the nuclear division commences, seeming to indicate that the 
nuclear division is not the direct cause of the cytoplasmic division. 

Biitschli, Rhumbler and others considered cell division to be 
the result of changes in surface tension. The constriction of 
the cytoplasm follows a band of relatively high surface tension. 
There seems to be no way of determining whether the surface 
tension is increased at the equator or reduced at the poles, but 
the division is often preceded by a rounding up of the cell, which 
is probably the result of a general increase in surface tension. 
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That the surface tension at the equator is greater than at the 
poles of the dividing cell is demonstrated by the superficial move- 
ment of the protoplasm. When the tension of a surface is locally 
altered surface currents pass from the regions of low tension 
to regions of high tension. Gardiner (1897) observed the super- 
ficial granules in certain dividing eggs to pass in the direction 
from the poles to the equator. The superficial granules in the 
Arbacia egg become heaped up at the equator during cell division 
(McClemdon, 1910 e), and must have moved in this direction, 
since they are evenly distributed 'before division commences. 
Conklin (1908) observed somewhat similar movements in the 
eggs of Crepidula. 

It is difficult to make a model of cell division because it is 
difficult to maintain local differences in surface tension long 
enough for complete division to take place. The following model 
requires considerable skill to manipulate. A drop composed of 
one part chloroform and two parts rancid olive oil is immersed in 
water and prevented from touching the bottom by a layer of 
concentrated salt solution under it. Two pipettes filled with .1 
normal alkali are placed near opposite poles of the drop and the 
alkali allowed to flow onto these two poles simultaneously. The 
drop bulges at the poles and constricts in the middle. The re- 
duction of the surface tension at the poles causes surface cur- 
rents toward the equator, which spread the alkali over the whole 
surface of the drop. In some instances, however, division is 
completed before this is accomplished. 

Fertilisation 

Many egg cells do not divide unless they are fertilized by 
sperm, and it was formerly believed that they are incapable of 
division unless fertilized. 

The process of fertilization may be divided into the following 
factors and stages: first, the finding of the egg by the sperm; 
second, the change in the egg responsible for cell division ; third, 
the entrance of the spermatozoon into the egg and fusion with 
the female pronucleus ; and fourth, the transmission of the pater- 
nal characters to the egg. 

F. Lillie (1913) observed that the sperm of Nereis and Aribacia 
are attracted by substances given out by the eggs. Since he 
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found that they are attracted by C0 2 and this observation has 
been confirmed (McClendon, 1914 e), it seems probable that it 
is the C0 2 given out by the eggs that attracts the sperm, and 
hence it is not at all specific. Mammalian sperm appear to be 
attracted by cells of the wall of the uterus. 

F. Lillie claims that the sperm cannot unite with the egg unless 
a substance which he calls fertilizin (a specific agglutinin?) is 
present to accomplish the union. When the sperm are treated 
with the agglutinin extracted from the ripe eggs of the same 
species, they become motionless with their heads adhering to- 
gether. F. Lillie claims that these agglutinins are specific, but 
J. Gray (191 5) has substituted hydroxyl ions or trivalent cat- 
ions. Gray says that cerous chloride is as effective as the 
agglutinin extracted from the egg. He says further that OH 
ions and trivalent cations not only agglutinate but also activate 
the sperm, and that H ions, which reduce their activity, do not 
agglutinate. This inactivation by acids is reversible. F. Lillie 
had already stated that alkalis cause agglutination and also that 
acids cause aggregation. Since the attempts of Arrhenius and 
others to reduce immunochemistry to a physicochemical basis 
have been so hampered by lack of pure samples of the immune 
bodies, the discussion of the relation of fertilization to immuno-^ 
chemistry seems out of place at present. 

The sperm does not need to penetrate the egg in order to cause 
cell division. Kupfelweiser, Bataillon (1910) and Brachet ob- 
served that the sperm needed merely to scratch the surface of 
the egg in order to make it segment. The sperm of foreign 
species usually cannot enter the egg, yet they may cause it to 
develop. This seems to indicate that the sperm causes a super- 
ficial change in the egg. Loeb called this a superficial cytolysis. 

R. Lillie observed that some of the red pigment comes out of 
Arbacia eggs when they are treated with parthenogenic agents, 
and concluded that fertilization is accompanied by increase in 
permeability. Lyon and Shackell (1910 b) showed that some 
of this pigment came out of the eggs on fertilization. 

In order to test this conclusion, the electric conductivity of 
sea urchin eggs immediately before and after fertilization was 
measured (McClendon, 1910 c, e). The egg is surrounded by 
a mucous jelly and after fertilization a membrane, the fertiliza- 
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tion membrane, appears between the jelly and the egg. Both 
of these might vitiate the conductivity experiments. It was found 
that if the jelly is washed from the eggs before they are fertilized, 
no fertilization membranes appear. 

The eggs from which the jelly was washed (with sea water) 
were placed in the conductivity cell and gently centrif uged. The 
level to which the eggs came was marked on the cell and the 
conductivity determined by the Kohlrausch method. The eggs 
were then transferred to a laige quantity of sea water with just 
enough sperm to fertilize all or at least 80 per cent of the eggs, 
then washed in fresh sea water and returned to the cell. The eggs 
were centrifuged down to the same level as before fertilization 
and the conductivity again determined, which was found to be 
greatly increased. This experiment was repeated many times 
with the same result. It was also confirmed by J. Gray (1913 a, 
b) who observed that about fifteen minutes after fertilization the 
conductivity began to fall again. 

Since the spaces between the eggs were the same during the 
two determinations and were filled with sea water having the 
same conductivity in each determination, the change in conduc- 
tivity is evidently due to the change in permeability of the eggs 
to ions. 

This increase in permeability should decrease the polarization 
and increase the surface tension, supported by the fact that the 
eggs round up. The division of the eggs must be due to local 
changes in surface tension, and is therefore not the direct result 
of the initial permeability change, but probably an indirect re- 
sult of it. 

After the general increase in permeability, the original semi- 
permeability is partially regained. It is only necessary to assume 
that the semipermeability is regained first at the poles, thus leav- 
ing the equator with the greatest surface tension, in order to 
account for the division. 

The increase in permeability of the egg on fertilization was 
demonstrated in other ways. It was found that fertilized Ar- 
•bacia eggs are more easily plasmolyzfcd by cane sugar solution 
than are unfertilized eggs, indicating permeability of the fer- 
tilized eggs to ions. This may be due, however, to increased 
permeability to water, observed by Lillie (1916 a). 
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Lyon and Shackell (1910 b) observed that Arbacia eggs are 
more permeable to many dyes after fertilization. E. N. Harvey 
(1911) observed that strong bases penetrate fertilized sea urchin 
eggs more easily than unfertilized. He seems to consider the 
alkali, however, as a permeability increasing agent to which the 
fertilized egg is the more susceptible. 

The permeability of the frog's egg increases on fertilization 
(McClendon, 1914 a, 191 5 a). These eggs will live and develop 
in distilled water. If any substances diffuse out of them, there- 
fore, they may be detected- in the water, and the permeability 
to the contained substances determined. The permeability of 
the egg to Na, K, Mg, Ca, CI, S0 4 , and CO a is doubled by fer- 
tilization. Unfortunately it was not possible to measure the 
increase accurately in less than fifteen minutes in order to deter- 
mine whether the original increase is partially reversed, as is 
the case with the sea urchin's egg. 

According to Heilbrunn (191 5) all initiation of development 
involves gelation of the substance of the egg. It is not under- 
stood how he can distinguish between gelation of the whole and 
gelation of parts, such as the membrane and the astral rays. It 
is well known that the astral rays are highly viscous (by centri- 
fuge experiments) and a resistance of the $gg to deformation 
before the appearance of the astral rays might be due to in- 
creased viscosity of the membrane. 

The formation or separation of a fertilization membrane 
around the Echinoderm egg has given rise to much discussion. 
Heilbrunn says it is due to decreased surface tension. Loeb 
supposed it due to secretion of an osmotically active substance 
beneath the membrane. Glaser (1914) claims that the egg 
shrinks during the process which is further evidence of increase 
in permeability. An apparently similar process occurs in the 
frog's egg and Bialaszewicz (1908) has shown that the egg 
shrinks during the process. 

Artificial Parthenogenesis 

The eggs of some animals develop without the aid of a sperma- 
tozoon, a process known as parthenogenesis. Parthenogenetic de- 
velopment may be complete, as in case of the plant lice, or 
incomplete, as in case of the eggs of hens and silk worms, which 
if not fertilized, segment but die before development is complete. 
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Hertwig and Morgan observed that the unfertilized sea urchin's 
egg may be caused to segment by treatment with certain solu- 
tions. Loeb continued these experiments with the object of ob- 
taining complete development, calling it artificial parthenogenesis. 
Delage succeeded in raising several such sea urchin's beyond the 
larval stage. Bataillon reared several parthenogenetic frogs, and 
Loeb confirmed his experiment. 

Loeb observed that cytolytic agents cause membrane formation 
on sea urchins' eggs, considering this due to a superficial cytoly- 
sis, also considering the development of the egg to be due to 
two factors, first, membrane formation, and second, a corrective 
factor which was not clearly defined. 

R. Lillie supposed the development of the eggs to be due to 
increase in permeability. It was found that the electric con- 
ductivity of the sea urchin's egg increased when it was made 
parthenogenetic to the same degree that it did when it was fer- 
tilized (McClendon 1910 c, e). The eggs were made partheno- 
genetic by treatment for a few seconds with a dilute solution 
of acetic acid in sea water, then being thoroughly washed 
in sea water. This increase in conductivity must be interpreted 
as an increase in permeability of the eggs to ions. 

The permeability of the frog's egg increases when it is made 
parthenogenetic (McGendon, 1914 a). It had been observed 
\hat the frog's egg will commence segmentation if a no volt 
alternating current is passed through the water containing the 
e ggs from electrodes about two inches apart, for about one second 
(McClendon, 191 1 b). This stimulation increases the permea- 
bility of the eggs to the same extent that fertilization does. 

Since both fertilization and artificial stimulation act in the 
same way in increasing the permeability of the eggs, we have 
cumulative evidence to indicate that the increase in permeability 
is essential to segmentation. 

The kinds of stimuli capable of inducing artificial partheno- 
genesis are very numerous. Heilbrunn (1913) claims that they 
all decrease the surface tension of the egg. It seems more prob- 
able, however, that the surface tension is increased, since the 
egg 'becomes spherical. It was found possible to cause the eggs 
of Arbacia punctulata to segment by treatment with any one of 
the following: hypotonic solutions, isotonic solutions of acids 
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(especially fatty acids), alkalis or neutral salts, hypertonic solu- 
tions, mechanical shocks, thermal changes, electric currents, 
KCN, lack of oxygen, or anesthetics (McClendon, 1909 b). To 
these may be added in order to complete the list of parthenogenic 
agents, soap, bile salts, alkaloids, glucosides, Wood sera, ultra- 
violet rays, and simply pricking with a needle. We thus have 
a list about as large as the list of stimuli for nerves. In what 
way all these agents increase the permeability is not known. The 
discussion of this question should be under the general topic of 
stimulation. - 

The question as to whether the fertilization membrane is pres- 
ent before fertilization has been much discussed 1 . Harvey 
(1910 a) says that it is not present, whereas Kite takes the op- 
posite view. It has been supposed to be formed by the contact 
of the transparent gel covering the egg with a secretion poured 
out by the egg at fertilization, since it is absent from eggs that 
have been washed a long time, during which the gel is removed 
(McClendon, 191 1 a). Harvey supposes this washing injures 
the egg. The evidences for a secretion are numerous. The 
frog's egg, and according to Glaser (1914 b) the Echinoderm 
egg, gets smaller during this secretion. By the formation of this 
membrane it is merely supposed that a denser or more viscous 
layer is formed out of material already present. It has been 
shown by microdissection that the surface of the unfertilized 
egg is not as viscous as the fertilization membrane (McClendon, 
1914 e). Heilbrunn (1915 a) supposes that the viscosity of the 
whole egg is increased by fertilization, but his proof that this 
increase in viscosity is not confined to the fertilization membrane 
is not clear. Loeb supposed the elevation of the membrane to 
be caused by the secretion of an osmotically active substance of 
high molecular weight behind it. Kite says the membrane swells 
and that we see the outer surface of it. It is probably pushed 
out by the passage inward of water attracted by a colloid, but 
whether this is due to the osmotic pressure or swelling pressure 
of the colloid seems less important, as it is not certain that these 
two phenomena are different. 

Many attempts to cause the eggs to segment with sperm ex- 
tracts have 'been tried, but positive results have been attributed 
to impurities or lack of isotofticity (M. Morse, 1912 a). Since 
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the sperm contains lecithin and therefore fatty acid, and since < 

fatty acids and many other organic substances cause membrane 

elevation and segmentation, it should be possible to cause seg- < 

mentation with sperm extract. Robertson (1912) washed sperm 

in H 2 0, precipitated the extract with BaCl 2 , redissolved it in- < 

HC1 and reprecipitated it with acetone. The resulting "oocytin" j 

caused membrane elevation. * ! 



CHAPTER XIV 

MUSCULAR "CONTRACTION, OXIDATION AND HEAT 

AND LIGHT PRODUCTION 

The muscle was at one time considered to be a machine in which 
a difference in temperature produced by oxidation is converted 
into mechanical energy, but this hypothesis does not harmonize 
at all with the facts. A. V. Hill (1913 a) has shown that when 
the muscle performs an isometric contraction in an atmosphere 
of nitrogen the heat produced is about half as great as when 
oxygen is present, and develops simultaneously with the contrac- 
tion. Evidently this is a case, at least in part, of the transforma- 
tion of mechanical work into heat. If oxygen is present, the 
heat produced is much greater, but nearly half of it is produced 
after the contraction is completed, evidently having nothing to 
do with the contraction. 

Striated Muscle 

The muscle may work for a considerable period without oxy- 
gen, or with the oxidations suppressed by HCN. Weizsacker 
( 1912) reduced the respiration of frog's heart to 36 per cent of the 
normal for thirty minutes without reducing the work performed. 
By larger doses of HCN he completely prevented the consump- 
tion of oxygen, finding the work to be only reduced 1 to about 
70 per cent of the normal. This proves conclusively that the 
muscle is not a heat machine. 

Hill measured the heat and woric produced by a muscle with 
a relatively low tension and stimulus, and found the work to 
equal 90-100 per cent of the equivalent of the heat produced 
during contraction. The heat produced in the relaxation period 
was 80 per cent of that produced during contraction. Therefore 
the efficiency of the muscle is more than 50 per cent. 

Engelmann (1893) showed that a catgut stretched in water 
would contract on addition of acid. Stretching of the catgut 



VITAL PHENOMENA 165 

while swollen makes it anisotropic and if dried in this condition 
it will remain so until swollen again. The muscle fiber is aniso- 
tropic. Meigs (1908 b) has shown that there are no isotropic 
discs, but merely regions of less density or anisotropicity. Engel- 
mann showed that the catgut would not contract on swelling 
unless anisotropic. 

It has long been known that sarcolactic acid is produced by 
an active muscle, and increases in proportion to fatigue in a 
muscle in a nitrogen atmosphere. Fletcher and Hopkins (1907) 
have recently reinvestigated this question. If oxygen is ad- 
mitted to the fatigued muscle in nitrogen, the lactic acid dis- 
appears, and C0 2 and heat are produced. Some suppose the 
lactic acid to be the cause of the contraction. Death rigor has 
been compared to a long continued contraction, and is accom- 
panied by lactic acid production. Winterstein (1897) has shown 
that an oxygen atmosphere may prevent the production of acid 
and likewise the death rigor in a dead muscle. Death rigor is 
apparently caused by a certain low concentration of acid, and 
when the acid increases above this the rigor disappears (Von 
Fiirth and Lenk, 191 1). This is in harmony with the observation 
of Spiro and others that low concentrations of acid cause swell- 
ing of hydrophile colloid gels, whereas higher concentrations do 
not. Von Fiirth and Lenk (1911) have shown that the muscle 
during death rigor and immediately before it, has a great power 
of absorbing water, but losing this power and even shrinking 
a little, due to loss of water, after the passing of the rigor. The 
shrinking is apparently due to the excess of acid. At a low acid 
concentration the muscle proteins swell, shrinking at a higher 
concentration. 

McDougal (1908), Meigs (1908 a) and others have revived 
Engelmann's swelling theory of muscular contraction, with the 
substitution of osmotic pressure, as illustrated by the following 
model. A rubber tube has a series of close fitting metal rings 
slipped over it so that the distance between them is less than 
the diameter of the tube. The tube is closed at one end and 
water is pumped into the other. As the volume of the contained 
water is thus increased the length of the tube is decreased. The 
metal rings are supposed to take over the function of the Krauze's 
membranes of the muscle fiber. Later Meigs (1910) returned 
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to Engelmann's idea that colloidal swelling is the cause of short- 
ening. 

Bernstein (1901) assumed that increase in surface tension 
caused the contraction of muscle. This hypothesis has the ad- 
vantage that it relates the contraction to the electrical phenomena. 
As we previously noted, depolarization causes increase in surface 
tension. An increase in surface tension of the whole fiber, or 
even of the myofibrils, would have to be very great in order to 
account for the force of contraction of the muscle. Bernstein 
supposed the contractile elements to be minute ellipsoids, whose 
elasticity tended to maintain the elongated shape, whereas an 
increase of surface tension would make them more spherical. 

Mathematical data may decide between these two theories. 
Bernstein (1908) points out that the temperature coefficient of 
ittuscular contraction as well as of surface tension is negative, 
whereas that of swelling of colloids is positive. He further 
shows (1915) that violin strings, such as used by Engelmann, 
are twisted, and if untwisted they do not contract on swelling. 

R. Lillie supposes the surface tension increase to affect the 
colloidal particles in the muscle and cause their aggregation. 
This aggregation of colloidal particles is what is often expressed 
by the word coagulation. The experiments of von Furth show 
that death rigor, at least, is not a coagulation but the reverse, 
a colloidal swelling. 

Smooth Muscle 

When smooth muscle contracts it remains so without fatigue 
and needs another stimulus (inhibitory nerve) to relax it. This 
is called the catch mechanism, and enables it to hold up a greater 
weight than an equal volume of striated muscle and yet without 
expenditure of energy. These facts together with the statement 
by Meigs (191 2 c) that smooth muscle has no semipermeable 
membranes prevent the extension to it of the theory of musele 
contraction just described. 

Oxidation 

In the enthusiasm following^ the discovery of enzymes, animal 
and plant oxidations were thought by some investigators to be 
explained by merely assuming that they were brought about by 
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oxidases. With the search for oxidases many have been found 
and some of them seem to be specific. The fact, however, that 
no series of oxidases with which the complete oxidation of the 
ordinary foodstuffs can be accomplished 1 have yet been isolated 
from the organized cell or cell fragment, places the question of 
oxidations in a separate field of research from enzymes in gen- 
eral. Harden and McLean (1911) found that respiration did 
not occur in the press juice of muscle and some other tissues. 
Batelli and Stern (1909) confirmed this observation but claim 
that respiration occurs in the press juice of liver. Warburg 
(1913) showed that most of the oxidation in liver juice is asso- 
ciated with granules. Whereas the oxidation of the liver juice 
is 20 per cent of that of the intact liver or liver cells, the oxidation 
of the juice after having passed a Berkefeld filter is only 4 per 
cent of that of the liver. As shown by Bechhold, such treatment 
may not remove all of the colloidal particles. Warburg found that 
the granular mass of ground sea urchin eggs absorbs oxygen but 
dbes not give out C0 2 . Warburg and Meyerhof (1914) found 
that the lecithin extracted from the egg when mixed with a ferric 
salt th§ equivalent of the iron in the egg, absorbed as much 
oxygen as the ground egg. This is probably due to the oxidation 
of unsaturated fatty acid radicals in the lecithin, and is accelerated 
by H ions. A similar reaction takes place in linseed oil and is 
accelerated by various metallic and organic oxides or peroxides. 
Warburg (1912 a) ground young erythrocytes (with rapid 
respiration) in a special ball mill (Macfadyen and Rowland) 
and the oxidation was reduced to zero. 

Much of the earlier theoretical work on oxidations is based on 
the assumption that 2 is relatively inert and that nascent oxygen 
or some active oxide or peroxide is necessary to affect oxidation 
of difficultly oxidizable substances. This follows from the fact 
that oxidation consists in the addition of a positive charge or 
valence to the molecule. The molecule thus charged may com- 
bine with OH, or if the charge is double it may combine with 
one atom of oxygen. What is meant by nascent oxygen is not 
clear. Perhaps some substance splits out O" from 2 , thus leav- 
ing O" which can exist only in a nascent state because it so easily 
parts with its positive charges, and in doing so oxidizes the sub- 
stance receiving them. 
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Various unsaturated compounds have been supposed to aid in 
oxidations by combining with one atom of the oxygen molecule 
thus leaving the other free to attack another substance that is 
not so easily oxidized. According to Bach and Chodat (1904) 
an oxidase is a mixture of two enzymes, oxygenase and peroxi- 
dase. The oxygenase combines with 2 to form a peroxide which 
is attacked by the peroxidase, with the liberation of active oxygen 
that in turn attacks the difficultly oxidizable substance present. 
H 2 2 can be substituted for these peroxides. One criticism of 
the study of the oxidases is that relatively easily oxidizable sub- 
stances have been selected with which to test their activity. It 
would be interesting to have a list of organic substances arranged 
in order of oxidizability, as well as a record of the oxidizing 
power of cell constituents of recognized purity if not known 
constitution. The author observed that oxyhemoglobin (re- 
crystallized five times) as well as metahemoglobin (recrystallized 
seven times) would accelerate the oxidation of a-napthol, aloin 
and p-phenylene diamine and an alkaline solution of a-napthol -f- 
p-phenylene diamine, whereas hematin would not accelerate the 
oxidation of these substances without the addition of H 2 2 . 

Since H 2 2 or some other peroxide is necessary for the activa- 
tion of the peroxidases of the cell, all cells contain catalase which 
decomposes H 2 2 with enormous rapidity, with the liberation of 
inactive oxygen. It has been suggested that catalase protects 
the protoplasm against oxidation. But how is the oxidation 
regulated so as to occur at the right place at the right time? The 
answer to this seems to lie in cell structure, which will now be 
considered. 

It was stated in the chapters on the bioelectric phenomena and 
muscular contraction that when a muscle contracts dextrose dis- 
appears, the permeability of the cells is increased, lactic acid 
appears 'between them, if oxygen is admitted the lactic acid dis- 
appears, and C0 2 and heat are produced. The simplest explana- 
tion of this chain of phenomena is that in the muscle fiber lactic 
acid is produced until the reaction is stopped by the accumulation 
of this end product. This would make the reaction of the proto- 
plasm slightly acid, but it need not even reach the isoelectric 
point of the proteins, so that the proteins may continue to be 
electronegative. That the cell sap of certain plant cells is acid 
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is shown by their red color, and indicators swallowed 'by protozoa 
have shown an acid reaction of the vacuole contents. But it is 
impossible to determine the reaction of the protoplasm itself, 
except to say that it is less acid than the isoelectric point of the 
proteins or lipoproteins of which it is formed. As soon as the 
lactic acid reaches the outer surface of the plasma membrane 
it is burned, provided 2 is present. As will be shown later, the 
oxidase concerned is probably associated with the plasma mem- 
brane, possibly adsorbed to its outer surface. Anesthetics might 
suppress oxidation in two ways, by preventing the permeability 
increase, or by coating the oxidase with a layer preventing the 
access of the oxidizable substance. 

The evidence that such a process might take place in other 
cells is found in the fact that the oxidation of the sea urchin's 
egg increases sevenfold when its permeability increases, and War- 
burg (191 1 b) has shown that the oxidation of erythrocytes is 
increased on laking by freezing and thawing (provided there is 
not too much serum or salt solution present). Waiburg gives 
as evidence of surface action the fact that alkaline sea water 
or pure NaCl solution increases the oxidation of unfertilized 
sea urchin eggs sevenfold whereas they do not penetrate the proto- 
plasm. He takes experiments of Overton as evidence that NaCl 
does not penetrate, and as evidence that NaOH does not pene- 
trate the fact that this concentration of NaOH does not turn 
eggs yellow that have been stained with neutral red, whereas 
NH 4 OH of less alkalinity does. 

Colorless substances may be oxidized by cells to colored com- 
pounds that appear as granules in the cell interiors. This does 
not prove that oxidation occurred in the exact spot in which the 
granules are seen. Certain granules in cells absorb or adsorb 
and concentrate dyes so that they may remove all of the dye from 
their surroundings. Even though an oxidation product is said 
to be insoluble, solubility is a relative term, and the diffusion 
of an extremely dilute solution of a colored substance cannot be 
detected with the microscope because this instrument does not 
make the color appear more intense than it actually is. But it 
does not seem reasonable that all of the oxidation takes place 
on the cell surface. Warburg (1911 b) has shown that minute 
quantities of NH 8 , insufficient to change the reaction of the 
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serum to indicators, may increase the oxidation of erythrocytes, 
whereas NaOH is ineffective. Since NH 8 penetrates so much 
more easily than fixed alkalis, this indicates that NH 8 affects 
oxidation in the interior, or else the action is on the plasma 
membrane. 

Warburg found that anesthetics reduced the oxidation of 
erythrocytes according to their anesthetic power. He illustrated 
it by the following model (1914): Blood charcoal causes the 
oxidation of oxalic acid adsorbed to its surface to C0 2 and H 2 0. 
This charcoal, even after washing with HC1, contains iron which 
may be the real catalyzer. The catalytic action of the charcoal 
varies with its power of adsorbing oxalic acid. If an anesthetic 
is added to the solution of oxalic acid the oxidation is reduced. 
The more easily the anesthetic is adsorbed the greater is its 
inhibitory action. The explanation of this action is that the 
anesthetic is more strongly adsorbed than the oxalic acid, which 
it displaces from the surface of the charcoal. 

McClendon and Mitchell (1912) showed that those solutions 
that were most effective in increasing the permeability and caus- 
ing the segmentation of unfertilized sea urchin eggs, are also 
most effective in increasing the oxidation. Warburg (1910 a) 
combats the idea that the segmentation is the cause of the oxida- 
tion. He finds that phenyl urethane may stop the segmentation 
without reducing the oxidation to a significant degree. But the 
segmentation and increased oxidation might be due to increased 
permeability without the two running parallel. Let us suppose 
that oxidation is proportional to permeability. A too great in- 
crease in permeability will prevent segmentation, but it might 
greatly increase oxidation. 

Whereas Warburg is forced to admit some connection between 
the plasma membrane and oxidation, he claims this does not hold 
'true for the unfertilized sea urchin egg, whose oxidation is not 
decreased by grinding with sand. But this fact is capable of 
another interpretation. It may be a mere coincidence that the 
absorption of oxygen by the intact and the ground egg is the 
same, since the production of C0 2 ceases on grinding. The first 
impact of the sand may cause the eggs to begin development, 
since they may be caused to segment by shaking in a vial. In 
this condition they are the same as fertilized eggs, with enor- 
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mously increased oxidation. This view is supported by the fact 
that Warburg found the oxidation of unfertilized eggs burst in 
distilled water to be temporarily increased. They may be caused 
to develop by a short treatment with distilled water or longer 
treatment with hypotonic solution. After the egg is ground with 
sand the oxidation falls to the same level as a fertilized egg 
ground with sand, and in neither case is CO a given out. The 
CO a output of the unfertilized egg is totally changed (abolished) 
by grinding and the fact that the 2 absorption is the same at 
a certain time after grinding may be a mere coincidence. 

Warburg and Wiesel (1912) have attempted to show the simi- 
larity between the oxidizing power of cells and enzyme action, 
in the reduction of oxidation and fermentation of yeast to the 
same degree by anesthetics. The activity of the zymase in yeast 
press juice is but a small fraction of the activity of the yeast, 
but the oxidation has been reduced to nil. There is a slight 
oxidation in the filtered liver press juice, however, and this may 
be compared to the zymase in yeast juice. The significance of 
cell structure, however, is shown by the fact that the oxidation 
of various cells is reduced to about one-third by killing the 
acetone, which leaves part of the structure intact. 

The results of Batelli and Stern (1914) also indicate a rela- 
tion between cell structure and oxidation, but they probably in- 
terpret it differently. They divide respiration into chief or rapid 
and accessory or lasting respiration. This accessory respiration 
seems to be due to cell fragments, dead cells, cell granules (and 
bacteria?) and only a small percentage of cell juice proper. They 
also studied the oxidizing power of ground tissues on various 
substances and conclude that the citric acid oxidase ("oxidone") 
is destroyed with cell structure, but the others are not. They 
attempted to get more oxidases in the extract by grinding the 
tissue finer, using a Borrel mill with revolving knives, but this 
treatment merely reduced the oxidation of the cell fragments, 
without increasing the oxidation of the extract. 

Wartmrg observed that the oxidations that take place in cell 
extracts may be reduced by anesthetics, but the concentration 
of anesthetic required is many times that required to reduce the 
oxidation of the intact cell a corresponding amount. He ex- 
plained this as due to the fact that the oxidase in the cell is ad- 
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sorbed to a surface, the anesthetic adsorbed to the same surface, 
and its concentration increased above that in the interior of the 
solution. Meyerhof (1914 a) attempted to make a model to 
show this difference. He found that the activity of an invertase 
solution is not altered by adsorptioji to colloidal ferric hydrate 
(dyalized iron). If the same concentration of anesthetic is added 
to the invertase solution and the invertase iron suspension, the 
activity of the latter is reduced more than the former, but the 
difference is very small, not nearly so great as between the inver- 
tase inside and outside the cell. 

The question as to whether the cells of the body would use 
more oxygen if they were more liberally supplied with it is very 
important. Paul Bert ( 1878) found that animals died in oxygen 
under pressure, but this phenomenon has never been thoroughly 
analyzed. Anaerobes and facultative anaerobes may live in- 
definitely and many other organisms may live for a time without 
oxygen. Infusoria may live from five to twenty days without 
oxygen (Putter, 191 1). The development of Fundulus eggs may 
be suspended by withholding oxygen and commence again when it 
is readmitted. Henze (1910) found that sea anemones use more 
oxygen the greater its concentration in the sea water. When 
protein is eaten the mammal uses more oxygen than when a 
carbohydrate of the same calorific value is eaten. One explana- 
tion of this might be that the protein gives rise to acid substances 
in the blood which stimulate the respiratory center and cause 
more oxygen to be brought to the tissues. 

Heat Production 

The heat produced by burning fats and carbohydrates in the 
body is the same as that obtained in burning them in the bomb 
calorimeter, 3.74 Cal. per gram of monosaccharide, 3.95 for di- 
saccharide and about 9.5 for ordinary animal or vegetable fat. 
But the heat produced by protein is 5.7 in the calorimeter and 
only 4.5 in the body. The difference is that the protein is not 
completely burned in the body, being excreted as urea, uric acid, 
NH 8 and other incompletely oxidized products. 

While heat production and loss in man is so regulated from 
the heat center in the brain that the temperature of the body, 
to within an inch of the surface, seldom varies more than a de- 
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gree during health, this is not at all the case with the lower or- 
ganisms. The temperature of small marine animals is never 
more than .7° above that of the medium. The body of an isolated 
insect may be 4 above that of the air, whereas the temperature 
in the center of a swarm of bees may be 17 above that of the air. 

Light Production 

Light is produced by bacteria, fungi, protozoa, medusae, cteno- 
phores, molluscs, fish, Crustacea and insects, and the eggs and 
larvae of photogenic animals. The sea on a favorable night re- 
veals a host of wonderful luminous creatures. The effect of 
myriads of luminous Dinoflagellates in the Pacific is very striking. 
The water is reddened by day and turned to a sea of fire at night 
by these protozoa. Spray, the crests of waves and the outlines 
of fish and bathers are illuminated. The species is Gonyaulax 
polyedra. 

In all organisms which produce light intermittently, the pro- 
duction of light follows stimulation with all classes of stimuli. 
If the production of light is always due to oxidation, it forms 
a convenient index of the control of oxidation by the organism 
or cell. When the photogenic prganism is crushed, the light is 
emitted at a rapid rate for a short time. An analogy to this 
luminescence of the dead organism is seen in "chemilumines- 
cence" which will now be described. 

It was shown by Callaud and Pelletier that wax, fatty oils, 
sugar and alkaloids, emit light on- being warmed. Radziszewski 
(1883) showed that these substances even if kept in the dark, 
and not previously exposed to light, emit light on oxidation with 
alkaline solutions containing 2 . Besides glucose, gallic acid, 
etherial oils, cholesterin and lophin, he found that unsaturated 
fatty acids and compounds containing them may emit light. His 
list includes oleic, elaidic and ricinoleic acids and their fats and 
soaps and lecithin, protagon and cetyl alcohol wax. 

It has been pretty clearly established that the production of 
light by animals and bacteria is dependent on oxidation. Re- 
cently E. N. Harvey (1914) has dried the photogenic organs 
of the firefly in vacuo and found that it could be kept in this 
condition indefinitely and at any time caused to emit light by the 
addition of water containing O a . Harvey (1916) obtained from 
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Japanese animals luminous secretions and extracts that are free 
from particles. According to Raphael Dubois (1913), these 
secretions contain "luciferase" which can be replaced by potas- 
sium permanganate and "luciferin," of unknown chemical nature. 
Harvey (1916) finds that various oxidases may be substituted 
for luciferase. 

Coblentz (1912) photographed the spectrum of the light emit- 
ted by two species of firefly of the genus Photinus.* The light 
contains only from yellowish green to orange rays. It is a cold 
light and is also lacking in rays of short wave length. He found 
the temperature of the luminous organ to be only a fraction of 
a degree above that of the same organ when not emitting light. 
It is probable but not certain that this heat is produced by the 
oxidation of the photogenic substance, as the admission of oxygen 
to the organ would naturally result in cell respiration. 



CHAPTER XV 

BLOOD AND OTHER CELL MEDIA 

The coagulation of blood is nothing more than a gel formation 
of a protein hydrosol, the gel being called fibrin and the same 
substance in colloidal solution, fibrinogen. According to Howell 
( 1914) the fibrin clot is a mass of acicular crystals. This coagu- 
lation leads to the distinction of plasma, the medium in which the 
blood corpuscles float, and serum, the same minus the fibrinogen. 

As was previously stated, the permeability of the blood cor- 
puscles seems to be nearly the same as the permeability of plant 
cells. Overton claimed plant cells to be impermeable to salts. 
The same seems to be true of blood corpuscles for otherwise 
how is the difference between the salts of the plasma and serum 
maintained since Hober has shown that the ions are not bound 
but free to move within the corpuscles. Abderhalden gives the 
following data of the salts of corpuscles and plasma in parts 
per hundred: 

Horse Pig Rabbit Ox Sheep Goat Dog Cat 

. ( serum .4396 4251 4442 4312 4294 4326 4278 4439 
JNa in. 1 ce iis .2232 .2257 .2174 .2639 .2705 

C\ in i serum .0259 .0270 .0259 .0255 .0255 .0246 .0245 .0262 
^ l m,# (cells 4130 4957 .5229 .0722 .0741 .0679 .0273 .0258 

K . ( serum .3690 .3627 .3883 .3690 .3704 .3691 4080 4170 
Akin,# I cells .1205 .1475 1236 .1813 .1725 .1480 .1327 .1048 

H PO $ serum .0076 .0052 .0064 .0085 .0085 .0070 .0081 .0071 
2 4 (cells .1687 .1653 .1733 0350 .0365 .0279 .11256 .1186 

Notwithstanding this evidence Hamburger claims that the cor- 
puscles are freely permeable. 

The main difference noted between the permeability of plant 
cells and blood corpuscles was in case of urea, to which the 
plant cell is said to be impermeable, whereas some blood cor- 
puscles, at least, allow it to pass through. It would be interesting 
to test the .permeability of the erythrocytes of elesmobranchs 
(sharks and rays) to urea, since its concentration in the blood 
of these fish is about 5 per cent, whereas it exists only in very 
small quantities in the blood of other animals. 
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The osmotic pressure of the blood of wann blooded animals 
is about eight atmospheres, about as constant as the body tem- 
perature. As we descend in the animal kingdom the osmotic 
pressure of the blood is more and more influenced by the water 
the animal drinks or lives in, reptiles, amphibians, 'bony fish, and 
all air and fresh water animals, being more or less independent 
of the medium. The osmotic pressure of the blood of all other 
marine animals is the same as that of the sea in which they live. 
The following table gives the freezing point lowering of the 
blood (or of some fluid approximately isotonic with the blood), 
of a number of animals : 

MAMMALS A degrees 

Man, serum 56 (48- .62) (In cardiac insufficiency 

up to 1.099) 

Ox 55 (.53-66) 

Horse 564 

Pig .615 

'Rabbit 592 

Dog 57i C56-.62) 

Cat 638 

Sheep .619 

Whales, blood 65-7 

BIRDS 

Fowl .6-.04 

Goose 55 

REPTILES' 

Caretta, caretta, marine 61 -.69 

Colpochelys kempi, " 70 

Ohelonia mydas, " 675 

Chelonia caouana, " .602 

Emys europaea, fresh water 474 (.46-.05) 

Pseudemys elegans .48 

AMPHIBIA 

Rana esculenta 465^.56 

Bufo viridis 76 

Salamandra maculata 479 

TELEOSTS (bony fishes) 

Charax puntazzo, marine 1.04 

Cherna gigas, " r.035 

Crenilabrus parvo, " 75 

Box salpa, " .85 

Pleuronectes platessa, ° 65-.85 

Amia calva, land locked 508 

Anguilla vulgaris, fresh water... .58-.69 
Barbus fluviatilis, " ... .48-.56 

Catostamus teres, " ... .51-.52 

ILeuctscus dobula, " ... 45 

Perca, Cyprinus, Tinea, Esox," . . . .512 

Perca fluviatilis, " 5-.51 

Salmo trutta and alpinus, " ... .62 
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GANOIDS 

Acipenser sturio 76 

Lepidosteus osseous 49--52 

Polyodon spathula 486-.50 

INVERTEBRATES (excepting marine) (blood + body juices) 

Anodonta cygnea 2 

Astacus fluviatilis 8 

Dytiscus marginalis 57 

Hirudo medicinalis 4-43 

Dragon flies 65 

The osmotic pressure of the blood plasma must be imitated 
in any solution used to wash the corpuscles, as otherwise cytolysis 
(hemolysis) may result. If NaCl solutions are desired, .95 per 
cent is used for mammals, reptiles and birds and .65 per cent for 
frogs. A 1 per cent CaCl 2 (anhydrous) solution, or .74 per cent 
KC1, or .75 per cent NaCl has a A = .465. In order to reduce the 
toxicity of the NaCl, the solutions described at the end of the 
chapter are used. If cane sugar is used where a non-electrolyte 
is desired, about ten times as much is weighed out as in case of 
NaCl for an equal volume of solution (see Fig. 30). Sugar 
solutions are slightly toxic, probably on account of the H ions 
the sugar dissociates. An absolute non-electrolyte has not been 
found. It is possible that a small proportion of urea added to 
the sugar solution might reduce the H ion concentration suffi- 
ciently. 




Fig. 29. Viscosimeter for a drop of blood. A little hirudin or oxalate 
is placed in one bulb, which is filled with blood. The tube is grasped 
with forceps and inverted. The viscosity is proportional to the time re- 
quired for the blood to leave the bulb. - 

The blood in passing through the capillaries of the body under- 
goes many changes, not all of which are well understood. The 
effect of C0 2 on the blood is more complicated than was at first 
supposed. When C0 2 is bubbled through blood the H ion con- 
centration is increased in the plasma and the OH ion concentra- 
tion reduced, but, contrary to what might be expected, the 
titratable alkalinity is increased. This is partly explained by the 
fact that the CI ions are reduced by the substitution of carbonates 
for chlorides. Koeppe ( 1897) put forward the following hypothe- 
sis: The C0 2 enters the corpuscles and combines with the 
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Fig. 30. Freezing point lowering of weight normal solutions. The 
scale is too small to show the increased ionization at very great dilution. 
The curve for MgSO, approximates that for cane sugar and dextrose 
and is near that for 1/2 KjS0 4 . The curve for KCl may be used for 
KOH, NaOH and NaNO,. The curve for NaCl approximates that for 
NH.C1 and is near that for Na,SO, for the higher concentrations. 

proteids. This combination dissociates to a greater extent than 
CO, and the excess of HCO s ions so produced diffuse into the 
plasma, leaving the interior of the corpuscle electropositive. 
The CI ions of the plasma are attracted by this electropositive 
charge and enter the corpuscle. Only a small part of the CO a 
added takes part in this exchange, however, and a larger propor- 
tion of it is stored in the corpuscles than in the plasma. This 
follows from von Limbeck's observation that the osmotic pres- 
sure of the corpuscles increases more than that of -the plasma, 
causing the corpuscles to swell, due perhaps to the fact that 
alkali within the corpuscles binds the CO t . This alkali is sup- 
posed by some investigators to be ordinarily combined with pro- 
tein, but in the presence of an excess of COj, joins the latter. 

This experiment shows that, at least in the presence of an 
excess of C0 2 , the erythrocytes are permeable to Q ions. Ham- 
burger and van Lier (1902) have shown by the same method 
that the erythrocytes are permeable to S0 4 and N0 8 ions. 

Henderson and Spiro (1908) made a model of this process. 
A beaker of Na a CO s solution represented the plasma, a parch- 
ment paper tube filled with Na,CO g -f- protein representing a 
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corpuscle. CO a is bubbled through, the titratable alkalinity of 
the pure Na 2 C0 8 solution is found to be increased because Na- 
Protein is changed to H-Protein + NaHCO s and the latter dif- 
fuses into the pure solution. As is readily seen, the analogy is 
not exact. 

It is possible that the plasma membrane of the erythrocyte is 
different from that of other cells. The stroma of these cells 
contain a large percentage of lecithin and cholesterin. Pascucci 
(1907) made membranes of lecithin and cholesterin that could 
be laked with the same reagents that lake corpuscles. These 
membranes were more easily laked the greater the percentage of 
lecithin, the same being true of corpuscles. Perhaps some laking 
agents combine with lecithin. Berczeller (1914) found that the 
surface tension of alkaline solutions of lecithin is increased by 
the addition of chloroform or ether. The relation of lecithin 
and cholesterin in the serum to certain hemolysins has been much 
studied, lecithin favoring and cholesterin inhibiting hemolysis. 
According to von Dungern and Coca ( 1908 a, b, c) the hemoly- 
sin in snake venom is a lipase that splits off fatty acid from the 
lecithin, and the latter hemolyzes the corpuscles. Iscovesco 
(1910 c) claims that cholesterin inhibits the action of lecithin by 
combining with it. Lecithin reduces the surface tension of water, 
but on addition of cholesterin it rises again. He claims that 
cholesterin acts on soap in the same manner. 

Though anesthetics in high concentration are hemolytic, 
Traube (1908 a) found that small doses inhibit hemolysis. He 
claims that hemoglobin, itself, when in the serum, is hemolytic, 
but his specimen of hemoglobin was apparently impure. 

The relative volume of corpuscles and plasma may be deter- 
mined with the hematocrit (Hedin) or calculated from the con- 
ductivity (Stewart) volume of corpuscles 

conductivity of blood 

= 9 2 : h J 3- 

conductivity of serum 

The hematocrit was used by Hamburger to find the osmotic 
pressure on the assumption that the corpuscles are impermeable, 
although, in a series of later papers, he claims that they are freely 
permeable. 
The viscosity of the blood is determined by the total volume 
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of the corpuscles and to a less extent by the proteins of the 
plasma. The normal viscosity is 4.05-6.8, is greater in man than 
in woman, and increases after feeding and after muscular work. 
In cardiac insufficiency it may reach 8.1 and in polycythemia 
14.4-23.8. It is also increased by stasis. A convenient viscosi- 
meter for blood is shown in Fig. 29. (It may be obtained from 
A. S. Jones, Princeton, N. J.) 

The fact that the viscosity of the blood is determined chiefly 
by the total volume of the corpuscles suggests a method of deter- 
mining the corpuscular volume. Such measurements must be 
made at nearly the same temperature, to be comparable. The 
viscosimeter is standardized with H 2 at the temperature at 
which the blood is investigated, but the absolute viscosity of water 
is 2.J per cent less at 37 than at 17 whereas this ratio is not the 
same for blood (blood is said to be 16 per cent less viscous at 37 
than at 17 but it is not clear that the absolute viscosity is meant). 
According to Hess the hemoglobin may be calculated as follows : 

hemoglobin 

- == 19, except in diseases in which the hemoglobin 

viscosity 

content of the corpuscles or the plasma proteins or the proportion 
of leucocytes is changed. 

The normal refractive index of the serum of man is 1.345-1.35. 
According to Pearl (1914) the refractive index of the serum of 
the fowl is 1.34537 and of the guinea hen 1.34184. 

It is usual to consider the solvent power of the blood plasma 
as being nearly the same as that of water, but this is not always 
the case. Uric acid is practically insoluble in water, the con- 
centration of its saturated solution at 18 being .00015 mol, the 
molecular weight being 168.2. Bechhold and Ziegler (1:910) 
found that a liter of serum would dissolve more than half a gram 
of uric acid, at 37 , showing that its solubility in serum is enor- 
mously greater than in water. The reason for this difference is 
not self evident. Uric acid is a weak acid, in saturated solution 
in water being only 9.5 per cent dissociated. Although theoret- 
ically a dibasic acid it acts like a monobasic acid, as only one H 
ion is dissociated ordinarily. The primary sodium salt is more 
soluble than the free acid in water because it is strongly disso- 
ciated. According to Gudzent (1909 a) there are two isomeres, 
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a saturated solution at 37 of the laktam form being .01 mol, 
and of the laktim form being .0068 mol. The solubility is greatly 
reduced by the addition of Na salts, which accounts for the fact 
that it is more than thirty times as soluble in water as in physio- 
logical salt solution. The primary lithium salt is much more 
soluble. This has led to the practice of giving lithia water to 
gouty patients, but it is impossible to decrease the concentration 
of Na* in the blood to the extent that the solubility of uric acid 
would be noticeably increased. 

Since uric acid, when added to serum, becomes primary sodium 
urate, and the solubility of this is very low, it seems strange that 
the solubility of uric acid in serum should be relatively higher 
than the urate. According to Schade and Boden (1913), how- 
ever, the uric acid forms a colloidal solution in serum, and in 
water, also, under certain conditions. If uric acid is dissolved 
in water by means of heat and the addition of minute quantities 
of alkali, a 2 per cent solution may finally be obtained. By the 
addition of neutral salts or by cooling, the solution may be trans- 
formed into a transparent gel, which after a greater or less time 
deposits crystals of uric acid. It is probable that the colloidal 
solution in serum is protected from crystallization by the other 
colloids present (protective colloids). 

The blood plasma is very slightly alkaline, this alkalinity being 
maintained by the bicarbonates (and only to slight extent by 
phosphates) it contains. Hober (1903 b) was the first to meas- 
ure the H ion concentration of the blood. The later work on 
this subject has been largely concerned with the perfection of 
the technique. It has been shown that the PH of the blood is 
hardly affected by the changes in temperature to which it is 
ordinarily subjected (McQendon and Magoon, 1916) and, there- 
fore, the determinations of the PH of the blood at different 
temperatures by different observers would be comparable, pro- 
vided the proper precautions were taken to prevent loss of C0 2 . 
The technique was described in Chapter IV, 7.5 taken as about 
the average PH of human blood. The PH of the Wood of dif- 
ferent individuals is so constant as to come almost within the 
limit of error of measurement. Hasselbalch and Gammeltoft 
found the PH of the blood of a number of supposedly normal 
individuals to vary from 7.4 to 7.49. Michaelis (1914) found 
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the PH of normal human blood, dropped through the air into 
a relatively large volume of C0 2 -free salt solution, to vary f roin 
7.49 to 7.64, but these high (alkaline) values are probably due 
to faulty technique. Winterstein (1911) showed that if new 
born pups are perfused with CO a -free saline, the respiratory 
movements are not induced, but if a trace of HC1 is added to 
the perfusing fluid, the respiration commences. It was shown 
by Hasselbalch and Ltmdsgaard (1912) that the respiratory cen- 
ter in anesthetized dogs is controlled by the H ion concentration 
of the blood. Milroy (1914) obtained similar results on dogs 
and cats but claimed that the threshold of stimulation of the 
respiratory center by H ions is lowered by lack of oxygen. This 
apparent result of his experiments may be explained away in the 
following manner : We may suppose that the respiratory center 
is affected not by the reaction of the blood directly, but by its 
own reaction, which is in a dynamic equilibrium with that of the 
blood (by diffusion). During lack of oxygen acid substances 
produced in the respiratory center fail to be removed by oxida- 
tion, and hence the H ion concentration increases although that 
of the blood remains constant. 

In the same way the lowering of the buffer value of the blood 
in acidosis may affect the respiratory center. The lack of bi- 
carbonate in the blood coming to the respiratory center decreases 
its power of neutralizing the C0 2 produced by th$ center, and 
increased breathing may result. This may cause a decrease in 
the H ion concentration of the blood and decreased breathing. 
In this way irregular or labored breathing may arise, the total 
lung ventilation being increased owing to the low CO a tension 
of the blood and alveolar air. That is to say, a given volume 
of expired air would carry a subnormal amount of C0 2 , and, 
hence, the lung ventilation must be increased in order to remove 
the C0 2 from the body at the normal rate. The decreased buffer 
value of the blood with lowered C0 2 tension is shown in fig. 18. 
Szili (1906) slowly injected HC1 into the blood of dogs until it 
caused death. The PH of the blood of the dog at death was 
about 7.05. 

Owing to the prompt regulatory action of the respiratory cen- 
ter, the addition of acid within certain limits to the blood lowers 
its buffer value or bicarbonate content, and hence lowers the CO a 
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tension of the alveolar air. Since more exact data on the alveolar 
air are available we may take them as the most reliable index 
of the changes in the buffer value of the blood. Barcroft (1914) 
measured the C0 2 tension of the alveolar air, but put most reli- 
ance on the H ion concentration of the blood at a certain C0 2 
tension. In this way the buffer value is indicated as shown in 
Fig. 18. Barcroft estimated the H ion concentration of the blood 
by its effect on the dissociation of oxyhemoglobin. 

Hasselbalch and Gammeltoft (1915) observed a lowering of 
the C0 2 tension on a meat diet. This suggests an explanation 
of the so-called dynamic action of protein (Lusk, 1915). On 
passing from a protein poor to a protein rich diet the heat output 
of the body is increased, even though the available energy of the 
food is not. Since the C0 2 tension of the alveolar air is de- 
creased, the lung ventilation must be increased and the oxygen 
carried to the tissues increased as well. Perhaps the greater heat 
production is the direct result of this increased oxygen supply. 
If this be true, we may suppose that the amino acids arising from 
digestion of the protein increase the H ion concentration of the 
blood, and stimulate the respiratory center, increasing lung ven- 
tilation, this in turn increasing oxidation. Since the respiratory 
center is more sensitive to changes in H ion concentration than 
any apparatus available for measuring it, a failure to determine 
any increase in the H ion concentration of the blood is to be 
expected. It was shown by Haldane and Priestley (1905) that 
a 0.2 per cent rise in the C0 2 tension of the alveolar air doubles 
lung ventilation. A reference to Fig. 18 shows that this causes 
only a minute change in the PH (a change too small to measure 
with certainty on a carbonated fluid like the blood). 

We may conclude from the foregoing that the buffer value of 
the blood is lowered by a meat diet. The same seems to be pro- 
duced during exercise, acclimatization to high altitudes, preg- 
nancy, diabetic coma and other conditions of acidosis. On the 
contrary, the experiments of Van Slyke, Cullen and Stillman 
(1915) indicate that the buffer value of the blood is increased 
during protein digestion. This may be due to the passage of CI 
ions from the blood to the stomach with consequent increase in 
the bicarbonate content of the blood. 

It seems probable that the PH of the blood of all animals is 
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near that of human blood since they all contain bicarbonates. 
The PH of the blood of the conch (Strombus gigas) is about 
7.5, that of the body fluid of the sea urchin (Cassiopea xamach- 
ana) 7.7. Although Mines supposes the PH of the blood of 
Pecten to be about 6.5 this was determined with indicators and 
does not seem to hold for the related genus, Pectenella. 

Sea Water 

It is maintained by A. B. Macallum (1904) that the salt com- 
position of the blood of mammals is the same as that of the sea 
during the Cambrian period. In passing from the marine in- 
veretbrates (the osmotic pressure and proportions of whose blood 
salts is the same as those of the sea) to the mammals, there is 
a gradual lowering of the osmotic pressure and of the Mg con- 
tent of the blood. Macallum supposes that the evolution of the 
sea took the reverse direction and the osmotic pressure and Mg 
content was low in the Cambrian period. The osmotic pressure 
is constantly increased owing to the accumulation of salts carried 
in by rivers, which now carry a greater proportion of Ca and 
Mg. But the Ca is constantly being precipitated since the sea 
is about saturated with calcite and the Mg alone is relatively in- 
creasing. The osmotic pressure of the blood of various animals 
is given above. The following table gives the relative composi- 
tion of the ash, Na being taken as 100: 

To 100 parts Na : Ca K Mg 

Sea water 3-94 357 "99 (F- W. Clarke, 191 1) 

Medusa (Aurelia) 4.13 5.18 11,43 (Macallum, 1904) 

Limulus blood 3.83 5.34 11.50 (Gotch and Laws, 1885) 

Sea urchin fluid 5.45 0.24 13.27 (Mourson and Schlagdenhauffen, 1882) 

Sea urchin fluid 12.00 2.20 (Griffiths, 1802) 

Av'ge of Molluscs 5.43 12.20 3.07 " 

Lobster blood 8.03 7.12 2.88 (Macallum) 

Sipunculus(wonm) 6.55 12.70 3.00 (Griffiths) 

Dog's serum 2.52 6.86 .81 

The discrepancies in the proportion of K ( in sea urchins, for 
instance) may be due partly to the fact that cells containing a 
larger proportion of K were sometimes included, and partly to 
faulty analysis. 

Excised organs and cells of marine animals live for experi- 
mental periods in sea water and M. L. Lewis (1916) has shown 
that vertebrate tissues may proliferate in diluted sea water. 
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Artificial sea water may be made as follows, out of the purest 
reagents especially free from Ba, As and heavy metals, dissolved 
in water that has been redistilled with a silica condensing tube 
and aerated several days with outside air. The numbers denote 
cc of normal solutions (0.5 mol in case of bivalent salts) in a liter. 

KC1 CaCl, MgCl a NaCl MgS0 4 NaBr NaHCO, 
10.2 22.1 50.2 48.5 57.2 0.8 2.3 

After mixing, the solution is aerated with outside air several 
hours in order to bring the alkalinity to PH=8. 1-8.2 which is 
the PH of the surface of the ocean. This should show a faint 
pink with phenolphthalein. The C0 2 tension of surface sea water 
is about 0.04 per cent of an atmosphere, whereas outside air 
averages 0.03 per cent C0 2 . It is therefore possible to make the 
sea water slightly hyperalkaline by prolonged aeration with out- 
side air, but the addition of animals or bacteria quickly brings it 
back to normal and the problem is to aerate it sufficiently. The 
curve of PH with varying C0 2 tension is similar to that of blood 
(Fig. 18) or any other bicarbonate solution. 

The other constituents of sea water exist as traces. They may 
be present as impurities in the salts used in making artificial sea 
water even in excess of their concentration in piatural sea water, 
or they may get into the water from the air or by solution of the 
glass vessels used to store it. 

In order to investigate the significance of the composition of 
sea water on marine organisms the effect of changing its com- 
position has often been studied. If the alkalinity is increased 
to PH=9.oo there is finally a slight precipitate of lime (calcite) 
and the alkalinity returns to normal, so that it is difficult to 
increase the alkalinity and keep it so for many days. Herbst 
(1898) and Loeb (1898 b) observed that an increase in the alka- 
linity increased the rate of development of sea urchin eggs, and 
O. Warburg (1810 a) found that this was accompanied by an 
increase in respiration of the eggs. Hert>st found that CI, Na, 
K, Ca and OH ions are necessary for the development of these 
eggs from the beginning, but S0 4 , CO s and Mg are necessary 
only for later stages. Plants are less affected »by changes in the 
composition of the sea water, but Osterhout (1912 b) 'has found 
plants that require Na. Diatoms grow better if 4 cc of n KN0 8 
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are added to each liter of sea water, but some algae are not bene- 
fitted by it. This high concentration of nitrates is not maintained 
very long owing to the presence of denitrifying bacteria, which 
are especially active and abundant in tropical seas. 

The constituents of sea water are either nutritive or protective, 
or both. The H 2 0, S0 4 and C0 2 are used by green plants in 
the manufacture of protoplasm, and they require also P0 4 and 
either NH 8 , NO s or N0 2 , which exist in traces in natural sea 
water. Traces of I, Ca, Mg, Fe, Cu, Mn, Si, etc., may serve 
a nutritive function to some organisms. The chief constituents 
of the sea water may, however, be considered protective in that 
they are not used up. Their presence in definite proportions is 
necessary in order to preserve life. 

The work of Ringer, O. Loew, Loeb and others suggests that 
these constituents have antagonistic actions, so that a balance 
is necessary. Osterhout maintains that they either increase or 
decrease the permeability of cells. These antagonisms of the 
ions of sea water were demonstrated by the perfused heart of 
the conch (Strombus) at Tortugas, Fla. The sea water freezes 
at — 2.03 ° and isotonic solutions were made as follows: 0.59 
m NaCl, 0.6 m KQ, 0.36 m CaCl 2 , and 0.38 m MgCl 2 . Na, K 
and OH ions increase the rate of the heart beat and stop it in 
systole whereas Mg, H and Ca ions decrease the rate and stop 
it in diastole. These antagonisms are not perfect, however, 
although they are slightly more perfect in the action of these 
ions on the pulsations of the medusa, Cassiopea. The reason 
for the failure of complete antagonism is probably found in the 
fact that the organism is made of a number of structures, each 
pair of antagonistic ions having a certain antagonistic ratio for 
each structure, and this ratio being different for each structure. 
In order to obtain the same antagonistic ratio for all structures, 
a combination of the antagonistic pairs must be made, and the 
result is sea water. To use Osterhout's hypothesis, Na, K and 
OH ions increase the permeability and Mg, Ca and H ions de- 
crease the permeability, but it is necessary to have all present 
in a certain proportion in order that the permeability of all the 
structures in the organism be normal. It is not sufficient to have 
a definite ratio between H and OH, Na and Ca, K and Mg, Na 
and Mg, or K and Ca. 
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A few protective solutions have the following percentage com- 
position : 
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The above solutions may be made nutritive by the addition of 
.1-.25 per cent glucose. 

Many green plants will live in distilled water and need no 
especially protective solution except that any ion if in very high 
concentration must be made harmless by the presence of some 
antagonistic ion. Knop's solution is protective and nutritive for 
green plants. It is made fay dissolving the following numbers 
of grams in 3-7 liters of water: 4 Ca(N0 8 ) 2 , 1 KNO s , 
1 KH 2 P0 4 , 0.5 KC1, 1 (MgSO 4 7H 2 0). It is probable that 
traces of impurities in this solution are essential since many 
plants contain additional elements. The analyses of Jost on the 
ash of a number of land plants show them to contain the fol- 
lowing minerals, beginning with the most abundant: CaHP0 4 , 
K, Mg, Mn, Na 2 S0 4 , Si, CI, Fe. The P and S entered at least 
partly into the composition of proteins, but since anions are 
necessary to combine with the cations, the salts were probably 
phosphates, sulphates, chlorides and carbonates. . 

According to Stoklasa (1908) the ash of Azobacter is almost 
pure K 2 HP0 4 . Ad. Mayer (1902) used the following solution 
for the growth of yeast, expressed as grams dissolved in two 
liters: 1 KH 2 P0 4 , 0.1 Ca 8 (P0 4 ) 2 , 1 MgS0 4 . 

Salts of As, Cr, Zn, Cd, Ni, Co, Cu, Hg, Au and Pt are said 
to stimulate the growth and fermentative activity of certain 
fungi, when in certain minute concentrations. These salts are 
probably to be considered protective (affecting permeability), 
since the heavy metal ions are powerful antagonists to some more 
common cations, and only this antagonistic action explains the 
necessity of exactly limiting the concentration of the heavy metal. 

Bacteriological media are too numerous to be considered here. 
The PH is very important (see papers of W. M. Clark). 
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CHEMICAL SUMMARY 
The elements contained in every living cell are as follows: 



Element 


Symbol 


Atomic weight 


Valence 


Hydrogen 


H 


1.008 


1 


Carbon 


C 


12 


4 


Nitrogen 


N 


14.01 


3, or 5, or 4 


Oxygen 


O 


16 


2 4 (6 or 12?) 


Phosphorus 


P 


31.04 


3 5 


Sulphur 


S 


32.07 


2, 4, 6 


Chlorine 


CI 


3546 


1 (2, 3, 4, 5?) 


Sodium 


Na 


23 


1 


Potassium 


K 


39.1 


1 


Magnesium 


Mg 


2432 


2 


Calcium 


Ca 


40.07 


2 


Iron 


Fe 


55.84 


3 2 


nents sometimes present 


are as follows: 




Element 


Symbol 


Atomic weight 


Valence 


Fluorine 


F' 


19 


r l 


Bromine 


Br 


79,92 


1 \ (2,3.4,5?) 


Iodine 


I 


126.92 


ij. 


Aluminium 


Al 


27.1 


3 


Silicon 


Si 


28.3 


4 


Manganese 


Mn 


54.93 


3, 2, 7 


Copper 


Cu 


63.57 


2 or 1 



None of these elements exist as simple atoms in the cell. The chief 
compound is water, HOH. It seems probable, from the high surface ten- 
sion, specific heat and dielectric constant of water, that some molecules 
have combined (polymerized) to form (HOH)n. It is even believed that 
some of these aggregates are colloidal particles, and cause the blue color 
of the sea, but it seems more probable that this blue light is dispersed 
by water molecules, as the blue sky is produced by dust particles on 
drops of water in the air. Gases dissolve in water in the form of O,, 
N a or H 8 . Many of the elements exist in solution as salts, formed by 
the combination of an acid and a base. Na, K, Mg, Ca, Al, Mn and Fe 
combine with O, forming oxides, which combine with water forming 
hydroxides, which are bases. F, CI, Br and I combine with H to form 
acids and Si, P, S, C, N and O may enter into the composition of acids. 

The compounds of carbon are so complex and numerous as to form 
a special group, organic compounds. This is subdivided into the open 
chain or aliphatic series and the ring compounds or aromatic series. 

The paraffins are compounds of carbon and hydrogen in open chain. 
Starting with methane, CH 4 , a combination of two molecules gives ethane, 
C a H 6) because two hydrogen atoms are eliminated and the valences thus 
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freed are used to connect the two carbon atoms. In a similar way pro- 
pane, C»H 8 , and butane, C 4 H M , and an indefinite number of higher com- 
pounds are formed. 

In the paraffins all of the valences of the carbon atoms are filled and 
no more hydrogen atoms can be attached to the molecule without splitting 
it between two carbon atoms, and therefore these compounds are said 
to be saturated. In the unsaturated hydrocarbons, however, more hydro- 
gen atoms may be attached without splitting the molecule, which is 
thereby converted into a saturated compound. There are no free valences 
in the unsaturated compounds but two carbon atoms are united by more 
than one bond, and by opening up one bond two free valences are formed 
for the attachment of two hydrogen atoms. Thus in ethylene, C2H4, there 
is a double bond between the carbon atoms and acetylene, CjH* there is 
a triple bond between the two carbon atoms. 

The first products of the oxidation of the paraffines are the alcohols, 
methyl alcohol, CH.OH, ethyl alcohol, QHbOH, propyl alcohol, CH-OH, 
and so on. Alcohols may combine with bases, but where water is formed 
by the combination the compound may decompose again. If the presence 
of water be eliminated the compound is relatively stable. Thus when 
metallic sodium is dropped into ethyl alcohol, sodium ethylate is formed 
with Hhe evolution of hydrogen. 

QH5OH + Na = QH.ONa + H and 2H = H 2 . 

The combination of an alcohol with an acid forms an ester, thus: 

QH.OH + H a SO, = CHfcHSO, + H a O. 

If an ester is warmed with a strong base, the base combines with the 
acid and the alcohol is set free, a process known as saponification, thus: 
QH.HSO, + Ca(OH) a = C,H,DH + CaSO* + H,0. 

The alcohols with one OH group, like the ones given above, are called 
monatomic. The highest monatomic alcohol found in cells is cholesterol, 
CarH^OH, a waxy substance, insoluble in water and crystallizing in plates. 

Alcohols with three OH groups are called triatomic. The one found in 
cells is glycerol, C t H»(OH) 8 , which is soluble in water, and its esters 
with fatty acids are called fats. 

By oxidation of alcohols we obtain aldehydes. Methyl alcohol gives 
form-aldehyde, thus : 2CH.OH + 2 = 2HCHO + H a O. In ^it alde- 
hyde group, CHO, the oxygen is united with the carbon by a double bond, 
which makes the aldehyde capable of further oxidation, in fact it has such 
an affinity for oxygen as to be a mild reducing agent. The product of 
such an oxidation of an aldehyde is a fatty acid and the aldehyde is 
named for the acid that it forms and not for the alcohol from which 
it is formed, where there is a different name for the alcohol and acid. 
Thus we have methyl alcohol, formaldehyde and formic acid and we have 
ethyl alcohol, acetaldehyde and acetic acid, but propyl alcohol, propyl- 
aldehyde and propionic acid. 

The CHO group of the aldehyde contains the terminal carbon atom 
of the chain. If an intermediate carbon atom of the chain 'bears the 
double bond we have a CO group, and the substance is called a ketone. 
Thus, €H 8 CH,CHO is propyl aldehyde, but CH 8 COCH, is dimethyl ke- 
tone (acetone). 

The carbohydrates are aldehydes or ketones of polyatomic alcohols, in 
which the hydrogen and oxygen are usually in the proportion to form 
water. Aldehydes have a tendency to polymerize or combine to form 
larger molecules. Formaldehyde in alkaline solution polymerizes to form 
a series of sugars with six carbon atoms. This seems also to be the 
mode of formation of sugar in the green plant. The carbonic acid, 
HjOOs, is reduced by the action of sunlight and the fluorescent chlorophyll 
to HCHO, the oxygen removed from the carbonic acid combines with 
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water to form hydrogen peroxide, which is immediately decomposed by 
the catalase of the cell with the liberation of O* The formaldehyde 
would destroy the cell if it were not immediately polymerized by the 
action of the green bodies, chloroplasts. 

The most important sugars are the hexoses or those with, six carbon 
atoms, which are asymmetrical. The carbon atom has four valences and 
if a different kind of atom or group is attached to each of these valences, 
the molecule is asymmetrical, that is to say, no point, line or plane of 
symmetry exists. It is then possible to arrange the groups around the 
carbon atom in two different ways so that one form of molecule will be 
the mirrored image of the other. Such asymmetry can be detected be- 
cause a molecule containing one asymmetric carbon atom rotates the plane 
of polarized light to the right or the left. If a molecule contains two 
asymmetric carbon atoms, both atoms may rotate in the same direction 
or in opposite directions, and if the rotation is equal in opposite directions 
the molecule appears inactive to polarized light. There are often obtained 
mixtures of equal numbers of dextro-rotatory and laevo-rotatory mole- 
cules, the mixture does not affect polarized light and is called racemic. 

The hexoses that are readily assimilable by mammalian cells are : 



CHO 
HCOH 
HOCH 

HCOH 

I 
HCOH 



CHO 



HOCH 



CHO 
HCOH 



CH,OH 

I 
CO 



HOCH 

HCOH 

I 
HCOH 



HOCH 



i 



HOCH 



HOCH 
HCOH 



HCOH 



CH a OH 
d-glucose 
(dextrose 



CH,OH 
d-mannose 



i, 



i 



HCOH 



;h,oh 

d-galactose 



CH a OH 
d-fructose 
(laevulose) 



This is the nomenclature of Fischer, based on structural formulae. All 
of these sugars are aldehydes (aldoses) and rotate polarized light to the 
right, except d-fructose (a ketose) which is usually called laevulose be- 
cause it rotates polarized light to the left. 

On the oxidation of 1 g. glucose about 3.74 calories of heat are pro- 
duced. 

Glucose, fructose and galactose, when reduced, are converted into the 
alcohols, sorbite, mannite and dulcite. Glucose on mild oxidation, yields 
gluconic acid, with the COOH group formed from the CHO group. On 
further oxidation another COOH group is formed on the other end of 
the chain, and thus the dibasic acid, saccharic acid is formed. Glucose, 
as well as other hexoses, is easily transformed into lactic acid without 
oxidation. One molecule of glucose yields two molecules of lactic acid, 
CH^CHOHCOOH, when acted on by lime in sunlight or by bacteria, or 
other living cells. 

As aldehydes or ketones, the hexoses are reducing substances, but this 
property may be lessened spontaneously, in solution, by what is called 
lactone formation. In this, the double bond between one carbon and 
oxygen atom, to which the reducing character is due, opens out and one 
bond becomes applied to a distant carbon atom in exchange for an OH 
group. 

Glucose may combine with other substances, forming glucosides. This 
combination is usually preceded by lactone formation. Two hexose mole- 
cules may combine by the opening out of a double bond and the elimina- 
tion, of one molecule of water, forming a disaccharide molecule. Thus 
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glucose and glucose form maltose, glucose and galactose form lactose, 
and glucose and fructose form saccharose or cane sugar. One gram of 
a disaccharide on oxidation produces 3.95 calories of heat 

Pentoses, with five carbon atoms, are found in many plant cells. 

Polysaccharides are formed iby the combination of simple sugar mole- 
cules. Gums, pectens and mucilages are formed of monosaccharides, and 
starch, dextrin, glycogen and cellulose are formed of glucose. The mo- 
lecular weight of starch is estimated at between 1260 and 32400. Its 
osmotic pressure is so small that it appears to be zero. 

By the oxidation of the CHO group of the aldehydes the OOOH group 
of the organic acids is obtained. The open chain acids are called fatty 
acids and bear the same name as the aldehydes from which they are 
formed. In the series, formic, acetic, propionic, butyric, valerianic and 
caproic, each member has one more carbon atom than the one preceding. 
The fatty acids most common in animal cells have even numbers of 
C atoms. These acids are butyric, caproic, caprylic, capric, lauric, myris- 
tic, palmitic and stearic. The solubilities of these acids in water decrease 
as the number of carbon atoms increases, the higher members of the 
series being insoluble. 

In the same way that unsaturated hydrocarbons differ from paraffines 
in the presence of double or treble bonds 'between adjacent carbon atoms, 
so the unsaturated fatty acids differ from those given above. The un- 
saturated fatty acids, oleic, linoiek have respectively 1 and 2 double 
bonds. Linolenic has 3 double bonds. These unsaturated acids may take 
up oxygen and become saturated, and in this way they act as reducing 
substances. 

The oxy-acids contain more oxygen than the normal acids. Propionic 
acid is CHiCHiCOOH whereas oxypropionic, usually called lactic acid, 
is CH 8 CHOHCOOH. 

Keto acids contain the ketone group, and also the COOH group. 

Fatty acids combine with bases to form salts, which in case of the 
higher members of the series are called soaps. The soaps f owned by 
action of alkaline earths on the higher fatty acids aie insoluble in water 
whereas the lower fatty acids form soluble soaps with these bases. Alkali 
soaps hydrolize in water, forming a fine emulsion of fatty add that makes 
the solution opalescent. 

-Fatty acids combine with ammonia, but the compound may be of either 
of two forms. With ammonium hydrate, which is a true «base, they form 
annmoniacal soaps, but with dry ammonia and a dehydrating agent they 
form acid amides containing one less molecule of water. In ammoniacal 
soaps N is pentivalent in the group COONH*, whereas in amides nitrogen 
is trivalent in the group CONH 2 . 

The esters of fatty acids with alcohols are called fats. The triatomic 
alcohol glycerol is the most common but the monatomic alcohol cholesterol 
and other alcohols are also found. 

Since glycerol is a triatomic alcohol, it can combine with one, two or 
three fatty acid molecules, forming mono-, di-, and triglycerides, of which 
the last is the most common. Fat globules found in cells are usually 
mixtures of triglycerides and fatty acids. In the analysis of fats, the 
acid number denotes the content of free fatty acids, the saponification 
number, or combining power with hot KOH, is an index of the average 
of molecular weight of each fatty acid divided by its valence, and the 
iodine number is an index of the content in unsaturated fatty acids. The 
percentage of volatile fatty acids is usually determined, but the separation 
of all of the fatty acids involves much labor. 

The oxidation of 1 g. fat may yield as much as 9.5 calories of heat. 

Mono or diglycerides may combine with other substances by means of 
the remaining alcohol groups. Such compounds are included under the 
loose term, lipoids, but have been called by Leathes phospholtpines, 
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gakctolipines and lipines. Phospholipines are digfycerides in which the 
third alcohol group is combined with phosphoric acid. Since phosphoric 
acid is trivalent it can combine with two other substances. In lecithin 
it combines with only one other substance, the organic base, choline. The 
phospholipanes are unstable and are partly decomposed and oxidized by 
extraction with hot solvents in the presence of air, and hence their com- 
position has not been entirely settled in all cases. 

In galactolipines, galactose takes the place of glycerol. Lipines contain 
nitrogen ibut no carbohydrate or phosphoric acid. From fatty acids and 
ammonia may be prepared not only acid* amides, but also amino acids 
(lactic acid with NH 8 and a dehydrating agent forms alanine). In the 
mono-amino acids obtained from mammalian cells the NH, group is at- 
tached to the carbon atom next to the COOH group. These acids are 
called alpha amino acids. In the diamine acids, an additional NH* group 
is attached to some other carbon atom of the chain. 

The amino acids have 'both acid and basic properties and are therefore 
called amphoteric. In the diamino acids the basic property predominates. 
Amino acids imay be derived from dibasic acids, containing two COOH 
groups and in this case the acid property markedly predominates. 

The proteins are compounds of amino acids in which the NH 2 group 
of one molecule has reacted with the COOH group of another. The 
complete structure of none of the proteins is known, but many amino 
acids have been separated from the decomposition products, among which 
are: The monoamino acids, amino acetic or glycine, aminopropionic or 
alanine, amino isovalerianic or valine, and aminoisocaproic or leucine. 
The dibasic amino acids are aspartic and glutamic acids. The diamino 
acids are lysine, arginine, and diaminotrioxydodecoic acid. Cystine con- 
tains two atoms of sulphur. Other amino acids contain cyclic compounds, 
which will now be considered. 

Whereas in the compounds thus far considered the carbon atoms are 
arranged in an open chain, in the cyclic compounds they are in the form 
of a closed ring. The most important of these rings is the benzol ring 
containing 6 carbon atoms. Although this ring has only 6 H atoms there 
seem to be no double bonds 'between the carbon atoms, or if there are 
double bonds they do not behave as the double bonds of the unsaturated 
open chain compounds. In benzol, C«H„, each C atom is united to one 
hydrogen atom. The substitution of one or more hydrogen atoms by 
other atoms or groups gives rise to a host of compounds. When only 
one hydrogen is substituted it is immaterial which carbon atom it is 
attached to, but by its presence the other carbon atoms lying at different 
distances from the first one are designated as ortho, meta and para, and 
groups that may subsequently be attached to them are in the ortho, meta, 
or para position. 

Of the mono- substitution products of benzol we have aniline, CH^NHj, 
benzol-sulphonic acid, QHbSObH, phenol, QHfcOH, toluol, C«H CH 8 , 
benzyl alcohol, C«H B CH 4 OH, benzaldehyde, C 6 H CHO, and benzoic acid, 
C.H B COOH. 

Of the di-substitution products we have catechol (ortho-hydroxyphenol), 
resorcinol (meta-hydroxyphenol), hydroquinone (para-hydroxyphenofl), 
salicylic acid (ortho-hydroxy benzoic acid), and tyrosin (para-hydroxy- 
phenylalanine). Tyrosin is an amino acid found in proteins. 

Some tri-substitution products are pyrogallol, homogentisic acid, picric 
acid and adrenaline. Adrenaline is secreted by cells of the adrenal 
medulla and is a specific stimulant (or in some cases inhibitor) of smooth' 
muscle cells, although its action is supposed not to be on the whole cell 
surface but on a theoretical receptor substance. 

The pyrrol ring contains i nitrogen and 4 carbon atoms and is con- 
tained in proline and oxyproline, amino acids found in proteins. Trypto- 
phane, another amino acid found in proteins, contains a combination of 
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benzol and pyrrol rings and may be transformed into indol and skatol 
by the action of bacteria. 
The imidazol ring contains three carbon and two nitrogen atoms 

H H 

C N 

II \ = Imidazol ring. 

C H 

H-C N// 

and is contained in histkline, an amino acid found in proteins. 

When protein is split into amino acid® by any method, not all of the 
protein is thus accounted for. 

Now that the building stones of the proteins have been discussed, it is 
well to consider a few characteristics of these interesting substances. 

Proteins consist of the same amino acids but in different proportion. 
Glycine is absent from some proteins. Tyrosine and tryptophane are 
absent from gelatine. 

Proteins consisting almost entirely of amino acids are called simple 
proteins to distinguish them from, those combined with other substances. 
In oxyhemoglobin, a simple protein is combined with hematin, an iron 
containing organic compound loosely combined with one molecule of O a . 

The nucleins that have been isolated from the nuclei of some cells are 
composed of a simple protein and nucleic acid. The nuclein may combine 
with more protein to form nucleo-protein. Nucleic aoid contains phos- 
phoric acid and one or more purine bases, adenine or guanine, allied to 
uric acid. 

HN-CO 



OC C — NH = uric acid. 

I II >co 

HN— C— NH 

The glycoproteins, such as the mucins, contain a high percent of carbo- 
hydrate groups, which are also found in nucleic acid. 

The phosphoproteins, vitellin, casein, contain phosphoric acid that is 
mot in the form of nucleic acid or lecithin. 

The lecitho-proteins are hypothetical, although both lecithin and protein 
exist in the crystalline yolk bodies of the frog's egg. Hoppe Seyler con- 
sidered such substances to be true chemical compounds 'but others have 
regarded them as mixtures. One argument against their being mixtures 
is that the yolk bodies are clear and not turbid as colloidal gels or sols 
containing lecithin are. 

The molecular weight of simple proteins has been estimated as vary- 
ing from 14,000 to 30,000, whereas that of oxyhemoglobin is about 16,000. 

Proteins have both acid and basic characters since they contain both 
COOH and NH* groups. Their acid character predominates when in 
alkaline solution and basic character predominates when in acid solution. 
Proteins are precipitated by heavy .metals and the color bases of many 
dyes and by the same acids that precipitate alkaloids, namely tannic, 
metaphosphoric, picric, phosphomolybdic, phosphotungstic, tri-iodo-hydri- 
odic, chromic, bichromic, and the color acids of many dyes. 

Certain bacteria have the power of splitting off ammonia from the 
amino aoids of proteins, a process known as deamination. If the de- 
amination is accompanied by hydrolysis oxyacids are formed, whereas 
if reduction takes place fatty acids are formed. In the eggs of certain 
fish fats are formed from proteins. The glycerine necessary in the pro- 
cess arises from proteins and may possibly arise in pant in the following 
manner. In the conversion of glucose into lactic acid glyceric aldehyde 
is formed, which by reduction becomes glycerol. 
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